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Abstract
During reentry into the atmosphere, a vehicle can encounter extreme convective and possibly radia-
tive heating loads. Such spacecraft must rely on a carefully designed thermal protection system to
maintain the integrity of the underlying structure, thus ensuring the survival of any cargo or crew it
may contain. Despite many past developments and research efforts, to this day there remain large un-
certainties associated with the prediction of heat shield performance. In particular, accurate modelling
of ablation phenomena is critical to minimising uncertainties, reducing excess weight, and increasing
safety. This includes thermochemical ablation by oxidation, nitridation, and sublimation, as well as
the mechanical removal of material via spallation. Due to the high costs associated with in-flight test-
ing, and the difficulty of mounting precision instruments and advanced diagnostics on flight vehicles,
ground-based experiments stand as a cost-effective method for reducing modelling uncertainties.
Ablation testing is generally conducted in long-duration facilities such as arc jets, which are
well suited to investigating in-depth material response due to their ability to provide representative
heating rates for extended periods. They are, however, unable to reproduce a realistic in-flight shock
layer due to low Reynolds numbers and, depending on the facility type, a high degree of thermal
and chemical nonequilibrium in the free-stream. In contrast, impulse facilities such as shock tubes
and their variants are well suited to reproducing realistic flight conditions with free-streams that are a
closer match for flows dominated by binary processes in terms of Reynolds number, temperature, and
chemical composition. Due to their extremely short test times, however, ranging from the order of
10 µs to several milliseconds, they are unable to aerothermally heat test models up to representative
in-flight temperatures, or recreate the quasi-steady heat and mass flux balance of flight. This key
limitation of impulse facilities was recently overcome in experiments using the University of Queens-
land’s X2 expansion tunnel by electrically pre-heating samples to temperatures approaching 2500 K
immediately prior to a test.
In this work, the pre-heating methodology was enhanced to generate maximum surface tem-
peratures approaching 3300 K in order to study sublimation phenomena. It was found that although
sublimation-regime temperatures could be achieved, the relevant surface processes themselves were
suppressed due to the high pitot pressures of the conditions used. Instead, the nitridation process
was studied by observing air shock layer CN emissions with pure graphite models heated to surface
temperatures ranging from 1770–3300 K. These results were compared with numerical simulations
which predicted a monotonic increase of emissions with surface temperature for all models con-
sidered, whereas the experiments showed an initial increase from 1770–2500 K and then remained
relatively constant from 2500–3300 K. The simulations also suggested that a significant portion of
the observed CN emissions were not a result of direct nitridation, but instead due to surface CO
production and subsequent gas-phase interactions to form CN.
iv
A final series of experiments was conducted using a novel model design whereby the heated
graphite strip was embedded into a steel base structure in order to relieve edge effects, with the aim
of producing quasi two-dimensional flow along the strip. The degree of flow two-dimensionality was
found to be questionable due to visible cross-flow and a shock stand-off 10% smaller than a nom-
inal two-dimensional case, although it was much closer than a heated strip on its own. These tests
were conducted in both air and nitrogen flows to further investigate the coupling effect of surface
CO production on the levels of CN emissions via gas phase reactions, as suggested by the previous
comparisons with numerical simulations. Based on the relative levels of CN emissions between the
two test conditions, it was concluded that although CO interactions were a non-negligible contributor
to CN production, the majority was in fact due to direct surface nitridation. In terms of overall trends,
the nitrogen condition results showed continually increasing CN emissions with surface temperature.
For air, however, they reduced with temperature above 2500 K which was consistent with the previous
experiments in air. The combination of these observations suggests that the oxidation rate is decreas-
ing with temperature above 2500 K. This phenomenon is well known; however, it is the first such
observation for an ablating body with the additional influence of a full realistic hypervelocity shock
layer. Improved magnification in the high-speed video recordings for these experiments also allowed
spallation phenomena to be observed in much greater detail than in previous work. It was clearly seen
that spallation can significantly alter the flowfield, and is a phenomenon which must be given greater
consideration in future studies.
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Chapter 1
Introduction
Space exploration has long stood as one of the great engineering challenges of the modern age. Per-
haps the most dangerous situation that can be encountered during any space mission is the hyperve-
locity entry of a vehicle into the atmosphere of a planet. During this phase, high entry velocities result
in a shock wave forming in front of the vehicle where the air is rapidly compressed and heated. Due
to this, a vehicle will encounter extreme convective and possibly radiative heating loads, which can
easily result in catastrophic failure. Such spacecraft must rely on a carefully designed thermal protec-
tion system (TPS) to maintain the integrity of the underlying structure, thus ensuring the survival of
any cargo or crew it may contain.
Despite the many past developments and research efforts, to this day there remain large uncer-
tainties associated with the modelling of TPS performance. Due to this, and the critical importance
of the TPS in mission success, large and often arbitrary safety factors are used which result in exces-
sive weight. Figure 1.1 shows the TPS mass fractions of various entry craft and an indication of the
potential improvements possible. Through a combination of developments in testing, modelling, and
materials, Laub and Venkatapathy [1] predict significant reductions in TPS mass fraction, for exam-
ple from 50% down to 20% for a Galileo-like mission. Not only could this decrease of mass greatly
reduce the launch costs of a mission, it would also increase the maximum payload and potentially
allow previously infeasible missions to be considered.
This thesis addresses the broader problem of TPS design uncertainty by advancement in the
testing and modelling of ablative processes. This will be accomplished by the enhancement of a newly
developed testing technique and the production of a unique experimental dataset. These results will be
compared with numerical predictions to identify discrepancies with current models. Proposed mech-
anisms for any discrepancies will provide important direction for future research aiming to develop
improved heat shields.
1
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Figure 1.1 Potential improvements in TPS mass fraction with further development [1].
1.1 The Reentry Flowfield
The large and sudden increase of internal energy within the shock layer of an entry vehicle results
in several complicated chemical and thermal processes. Consideration of these effects is required
for proper evaluation of the aerodynamic and aerothermal heating loads experienced by a craft. In
order to provide a working understanding of these phenomena, a brief overview is given here with a
particular focus on Earth reentry.
For air in Earth’s atmosphere, dissociation of oxygen and nitrogen will begin to occur at
temperatures of approximately 2500 K and 4000 K, respectively. These dissociated atoms may then
go on to form radical species such as NO. At temperatures above 9000 K there is sufficient energy for
the gas to ionise and become a partial plasma. These effects increase the number of chemical species
present within the flow and may necessitate the use of finite-rate chemistry models. The significance
of chemical reaction rates for a given body and flow velocity can be described by the Damköhler
number:
Da =
flow time
reaction time
=
l/u
1/kc
=
kcl
u
(1.1)
where kc is a characteristic reaction rate, l is a characteristic length scale, and u is the flow velocity. For
Da→ 0 the flow is described as chemically frozen and the composition does not change significantly
within the control volume of interest. For Da→ ∞ the reactions occur so rapidly that the flow quickly
reaches its equilibrium composition. At intermediate Da the flow is described as chemically reacting
nonequilibrium, and finite rate reactions must be considered.
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In addition to chemical nonequilibrium, hypersonic flow may also lead to thermal nonequilib-
rium. This is related to the internal energy ε′, which for an atom is simply the sum of its translational
and electronic components:
ε′atom = ε
′
trans + ε
′
el (1.2)
For molecules, there are additional contributions from vibrational and rotational energy:
ε′molecule = ε
′
trans + ε
′
rot + ε
′
vib + ε
′
el (1.3)
Quantum mechanical descriptions of atoms and molecules have shown that the allowable energy lev-
els for all energy modes are discretised [2]. The magnitude of the difference between adjacent energy
levels are generally greatest for the electronic modes, followed by the vibrational, rotational, and fi-
nally translational modes. Figure 1.2 shows the relative discretisation of the modes diagrammatically.
An equivalent temperature can be assigned to each energy mode based on a Boltzmann distribution
of the populated states [3].
Translation Rotation Vibration Electronic
Figure 1.2 Molecular energy modes and their relative discretisation (adapted from Anderson [2]).
When all thermal modes are in equilibrium, a single temperature can be used to describe
the state. However, in highly energetic environments such as immediately behind the shock front of a
reentering body, an uneven allocation of energy may occur and the gas is described as being in thermal
nonequilibrium. This is most important for smaller bodies where the thermal relaxation distance may
be large relative to the shock layer thickness. In contrast, the flow around large blunt bodies with
thick shock layers can often be modelled as being in thermal equilibrium because the nonequilibrium
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region is comparatively small.
The interactions between the aforementioned thermochemical phenomena result in a vari-
ety of flow regimes. For the case of entry into Earth’s atmosphere, Gupta [4] identified the regimes
shown in Figure 1.3 for a range of altitudes and velocities, these being: thermochemical equilibrium,
chemical nonequilibrium with thermal equilibrium, or thermochemical nonequilibrium. Additionally,
dissociation and ionisation processes can become more important at higher velocities and altitudes,
necessitating the consideration of a larger number of chemical species. The difficulty and computa-
tional expense of the required analysis and simulation methods vary drastically across the regimes,
and, in the most general case, a finite rate treatment is required for both the thermal and chemical
processes. As a further complication, thermal and chemical nonequilibrium phenomena are often
coupled. For example, the finite rate of vibrational excitation is linked to the rate of dissociation.
Figure 1.3 Stagnation thermochemistry regimes for air [4].
At very high temperatures of approximately 10 000 K and above, air will emit a significant
amount of energy in the form of electromagnetic radiation [2]. This has two major consequences
for the reentry scenario. Firstly, this emitted radiation will strike the vehicle’s surface and provide
another heating mechanism in addition to convection. Secondly, radiation transport processes will
allow energy to be transferred into the surroundings, resulting in a nonadiabatic shock layer [2].
For vehicles returning to Earth’s atmosphere, radiative heating from the flow to the TPS typi-
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cally does not become significant until the entry velocity exceeds 10 km/s, depending on body size [5].
This is not usually applicable for entries of objects returning from orbit around Earth, for example
the Space Shuttle Orbiter (SSO) at approximately 8 km/s [4]. Radiative heating is, however, a critical
issue for returns at superorbital velocities such as the Apollo missions. To-date, the fastest return of a
man-made object into Earth’s atmosphere was the Stardust capsule which entered at 12.8 km/s [6].
Andrienko and Surzhikov [7] describe three regimes for the significance of radiative processes,
which will dictate the appropriate analysis method. The first is where the radiative heating and related
processes are negligible and can be ignored. The second is where the radiative heating is significant
and must be considered, but where its interaction with the flow gas dynamics is negligible. In this
situation, radiative heating is calculated in post-processing after a flow solver has already determined
the flowfield and convective heating. In the final regime the radiative processes strongly influence
the gas dynamics, and must therefore be coupled into the flowfield solver. The degree of radiation
coupling can be estimated by the Goulard number [8]:
Γ =
2qRad
1
2ρ∞u
3∞
(1.4)
which is the ratio of the adiabatic radiative heat flux leaving the domain and the kinetic energy flux en-
tering the shock layer. Strong coupling is considered to occur for Goulard numbers of approximately
Γ ≥ 0.01.
1.2 Thermal Protection Systems
TPS designs can generally be classified as either “passive” or “active”, with the modes of mass and
energy transport as summarised in Figure 1.4. Passive heat shields, also known as non-charring or
non-pyrolysing heat shields, rely mainly on their insulative properties and high radiative cooling to
minimise the conduction flux into a vehicle, and generally do not intentionally experience ablation.
Active heat shields, also known as ablative, charring, or pyrolysing, are typically employed in very
high speed entries for which a passive design would not be feasible and take advantage of the decom-
position of specialised materials. When these materials experience aerothermal heating, they absorb
energy via (mostly) endothermic pyrolysis reactions which produce gas and leave behind a porous
char layer. The pyrolysis gases cool the char layer as they travel through it, and are then injected into
the flow, providing a shielding effect against convective heat flux known as “blowing”. The remaining
char acts as an insulative layer; however, it is vulnerable to ablation and will recess due to a combi-
nation of oxidation and nitridation surface reactions, mechanical erosion, and even phase change (i.e.
sublimation) at sufficiently high temperatures.
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(a) Passive (b) Active
Figure 1.4 Energy and mass transport mechanisms for passive and active heat shields (adapted from Laub
and Venkatapathy [1]).
The simulation of a high speed ablative reentry requires the use of flowfield chemistry mod-
els with additional species and reactions due to the pyrolysis gas injection, for example by Park [9]
or Oylnick [10]. In addition to this, the flowfield solver must be coupled with a material response
program which evaluates the in-depth pyrolysis and heat transfer processes, as conducted in various
studies [11–14]. At the interface between the flowfield and material response solvers, surface reac-
tions must also be considered. Modelling of the surface reactions for a pyrolysing TPS is often treated
in an identical or very similar manner to that of a simple amorphous graphite surface since the char
layer is almost pure carbon. Therefore, accurate modelling of carbon surface thermochemistry is
applicable and critical for the majority of heat shield materials, both passive and active. As will be
discussed further in Chapter 2, there remains much which is unknown even for the relatively simple
case of pure carbon ablation, and this is the focus of the present study.
1.3 Testing of TPS Materials
Validation of numerical ablation modelling requires experimental test cases for comparison. Ideally,
this would be achieved with in-flight experimentation so that all phenomena are fully reproduced, but
this is generally infeasible due to the extremely high associated costs. As such, there are very few
examples of dedicated flight missions to study ablation. As a compromise, many past measurements
have “piggy-backed” onto other flights with a different primary scientific objective. For example the
recession probes mounted on Galileo [15], or the Mars Science Laboratory Entry, Descent, and Land-
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ing Instrument (MEDLI) suite [16]. A considerable drawback of this approach is that it limits the
available space and mass for instrumentation, thus restricting the amount and possibly quality of data.
Even if cost were not an issue, it is difficult to mount precision instrumentation in such an environ-
ment and, furthermore, there are limitations on the types of measurements which are even possible.
Generally, past flight experiments recorded macroscopic quantities including pressure, convective
heat flux, radiative heat flux, and material recession. These data provide limited insight into the un-
derlying thermochemical processes which limits the level of validation possible. The restrictions on
what can be mounted on the vehicle itself can be somewhat circumvented by taking measurements
from afar, for example in the flight observation missions conducted for the Hayabusa [17, 18] and
Stardust [19–21] entries. The large distances involved, however, severely limit the spatial resolution
of the measurements. For example, the entire capsule may only be resolved onto a single pixel of a
sensor array [18, 21].
It is clear that, even with an unlimited budget, data gathered from flight experiments would
not be sufficient on their own to validate computational models. In order to gain a more detailed and
quantified understanding of the fundamental thermochemical phenomena, ground experiments remain
an essential and cost-effective part of the solution. Due to the extreme nature of the atmospheric entry
environment, there is no single type of facility in the world which is capable of recreating all aspects
of a real mission. Compromises must be made, and different facilities therefore focus on achieving
similarity to reality by reproducing a subset of the true flight parameters. It is only by combining data
and findings from many different facilities that a complete picture of the flight environment can be
formed.
Testing of heat shield materials has historically been conducted in long duration facilities
such as arc jets, which are able to provide representative heating rates for extended durations. These
facilities excel at investigating the in-depth material response for a given heat flux, but realistic rep-
resentations of a full hypervelocity shock layer are not possible. This is because the free-streams
typically have low Reynolds numbers, a high degree of chemical and thermal nonequilibrium, and
in many case are subsonic. In contrast, impulse facilities such as shock tubes and their variants are
capable of reproducing a realistic hypervelocity flow; however, they have historically not been con-
sidered for ablation studies. This is primarily due to their extremely short test times, which can range
from the order of tens of microseconds to several milliseconds. This time scale is not sufficient for a
test sample’s surface to be aerothermally heated to realistic in-flight temperatures, which may be in
excess of 3000 K.
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1.3.1 Studies of Ablation in Impulse Facilities
Despite the inherent limitations of impulse facilities, the concept of testing an ablating model with
the full influence of a realistic hypervelocity shock layer is extremely attractive, and would be a
valuable supplement to previous data from long-duration facilities. For this reason, there have been
a number of exploratory studies which investigated potential methods for testing ablating models in
impulse facilities. This overview will focus primarily on experiments conducted at the University of
Queensland’s (UQ) Centre for Hypersonics, and describes the foundational work on which the present
study is based.
Sasoh et al. [22] experimentally simulated the effects of ablation by gas-injection through
the front of a blunt-body test model in the X2 expansion tube facility. Injection of both hydrogen
and nitrogen gases was conducted; however, it was found that nitrogen injection prior to the test
significantly degraded the acceleration tube performance. Schlieren images of the flow were taken
with and without gas injection, and it was demonstrated that it was possible to investigate the effect
of gas injection within an impulse facility. Although the technique was successfully demonstrated,
detailed quantitative measurements of the injection’s effect on the flowfield were not conducted.
D’Souza et al. [23] investigated the ablation of an epoxy-coated steel model in the X2 facility.
This work was motivated after the observation of high speed footage in which evidence was seen of
radiation sources originating from epoxy used to repair spots on the windward surface of test models.
High speed imagery and spectroscopic measurements were taken for both plain steel and epoxy coated
models, and clearly showed that ablation products were being produced within the steady test time of
the facility.
Experiments conducted by Hunt [24] aimed to transiently measure the recession rate of car-
bon within the X1 expansion tube facility. Thin films of carbon were manufactured using the sputter
vapour deposition process. These films were electrically pre-heated prior to testing in order to reduce
their electrical resistivity, so that their resistance during an experiment could be transiently measured.
Changes in resistance were correlated to recession of the carbon film; however, there was no sig-
nificant recession measured within the steady test time. Large amounts of post-test recession were
observed, which was attributed to erosion by impacts from diaphragm fragments. The lack of ther-
mochemical ablation observed during the steady test time was explained by the relatively low surface
temperature of 900 K.
Zander et al. [25, 26] addressed the problem of accurately reproducing the realistic ablative
thermal boundary conditions relevant to flight. Reinforced carbon-carbon (RCC) models were manu-
factured using a filament winding technique, and electrically pre-heated to temperatures approaching
2500 K immediately before testing in the X2 facility. Spectral measurements of CN violet radiation
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demonstrated that the elevated surface temperatures significantly promoted surface thermochemistry,
and that the effects could be observed within the available test time of the facility. The enhancement
of this methodology, as well as the production of a large data set for numerical comparisons, is the
subject of this thesis.
1.4 Objectives
This thesis broadly aims to address the problem of TPS design uncertainty by new advances in the
areas of ablation testing and modelling. The specific objectives to accomplish this aim and their
justifications are:
1. Develop testing capability for sublimation-regime surface temperatures: Previous work
reached maximum temperatures of approximately 2500 K. In order to comprehensively address
the full range of expected conditions and phenomena, surface temperatures in excess of 3000 K
are required.
2. Obtain calibrated emission spectroscopy measurements of carbon ablative species for a
range of surface temperatures: Emission spectroscopy is a non-intrusive diagnostic tech-
nique which has previously been applied in the X2 facility. Measurements for relevant ablative
species would allow comparisons with numerical simulations.
3. Investigate alternate model configurations to improve measurement capability and qual-
ity: Previous model geometries have resulted in highly three-dimensional flows which increase
the complexity of measurements, analysis, and numerical reproduction. An alternate model
configuration may allow the process to be greatly simplified.
4. Identify potential mechanisms for any discrepancies with numerical predictions: Compar-
isons with numerical predictions are critical for extracting value from the experimental results.
Where any discrepancies are identified, suggestions of potential mechanisms are essential for
directing future work to resolve these problems.
1.5 Original Contributions
This thesis will expand upon previous experimental work in testing heated ablating models in impulse
facilities. This will be achieved in three ways: by extending the available surface temperature range,
by obtaining the first ever calibrated data set for an experiment of this kind, and by investigating
alternate model configurations and methods. The data obtained in this work will be extremely valuable
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to the simulation community for model validation. Comparisons to numerical predictions made in this
study, and the mechanisms proposed to explain any discrepancies, will provide important direction
for future investigations.
1.6 Thesis Outline
This thesis is presented as a combination of journal publications and traditional thesis chapters. Chap-
ters which have been reproduced from journal papers will provide details of the original publication
on their first page. An outline of the thesis is given below:
Chapter 2 - Carbon Ablation: A survey of literature pertinent to carbon ablation is provided, includ-
ing descriptions of the associated phenomena as well as how they are modelled in practice. Gaps and
avenues of exploration will be highlighted in order to place the importance of this thesis into context.
Chapter 3 - Expansion Tunnel Experiments of Earth Reentry Flow with Surface Ablation: The
results of a collaborative investigation into the production of CN during expansion tunnel tests with
heated graphite samples are presented. Spectral measurements of shock layer CN emissions were
taken for surface temperatures ranging from 1770–2410 K, and compared to numerical trends. It was
found that the measured CN radiance increased with surface temperature, whereas all considered sur-
face models predicted relatively constant levels. Elevated levels of emissions were observed upstream
of the model within the experiments, which was a phenomenon not reproduced in the simulations.
Several possible explanations for this behaviour were proposed but could not be confirmed.
Chapter 4 - Development of High Temperature Capability: Enhancement of the electrical pre-
heating technique to allow testing at surface temperatures greater than 3000 K is described. The
methods used for predicting electrical requirements are presented, along with the commissioning of
a new power supply. Sublimation of the model was demonstrated under vacuum conditions, but
the effects could not be measured during expansion tunnel tests. It was concluded that sublimation
processes were suppressed by the high stagnation pressure of the test condition used.
Chapter 5 - Carbon Ablative Shock Layer Radiation with High Surface Temperatures: The
work presented in Chapter 3 is extended by testing at the new high surface temperatures achieved in
Chapter 4. It was found that numerical predictions for all of the considered surface reaction models
produced a monotonic increase of CN radiance with surface temperature, which did not match the
experimental results. The simulations also suggested that much of the observed CN radiance could
be a result of CO production at the surface, and subsequent gas-phase reactions to produce CN. Sev-
eral hypotheses were proposed to explain the experimental trends; however, none of them appeared
satisfactory or could be confirmed at the time.
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Chapter 6 - Slotted Cylinder Experiments: A novel testing concept is introduced whereby a heated
carbon strip is embedded into a cylindrical base model to relieve three-dimensional side spillage
effects. A series of experiments was conducted which demonstrated both the viability and limitations
of the technique. The maximum feasible temperature using this arrangement was found to be around
2700 K due to melting of the base material. Another fundamental limitation was found, whereby the
heated graphite strip sublimes under the pre-test vacuum conditions and coats the base model with
carbon. Further, the proposed mechanism described in Chapter 5 whereby CO production leads to
increased CN levels is investigated by conducting experiments in both air and pure nitrogen flows.
The results indicated that although CO interactions were responsible for a non-neglible portion of
the observed CN, the majority was in fact due to direct surface nitridation. It also appeared that the
oxidation rate reached a maximum at approximately 2500 K before then reducing with temperature,
whereas the nitridation rate monotonically increased.
Chapter 7 - Conclusions and Recommendations: A summary of this work is given and the out-
comes are described within the context of the objectives and original contributions of this thesis.
Recommendations for future work are also provided.

Chapter 2
Carbon Ablation
The modelling of carbon ablation is a problem which is central to accurate predictions of carbon-
based heat shield performance. Perhaps of primary interest is the mass loss rate due to thermochem-
ical ablation. This can occur either by reactions between the carbon surface and gas species in the
flow, or by sublimation of the solid material into carbon vapour. Surface chemistry modelling also
plays a critical role in predicting heating rates to the surface. Heat addition can occur not only from
exothermic oxidation and nitridation reactions, but also from catalytic recombination of oxygen and
nitrogen. Injection of carbon species into the flow can significantly alter the near-surface flowfield,
particularly within the sublimation regime. It has been shown that carbon species in the flow may
strongly absorb emissions from the hot shock layer, thus reducing radiative heating. In other cases the
carbon species may instead act as strong emitters and increase radiative heating, particularly within
downstream regions of the body [27].
This chapter will begin by providing an overview of the two finite-rate ablation models em-
ployed for the numerical comparisons in Chapters 3 and 5. Then, the three surface ablation processes
of interest for carbon (i.e., oxidation, nitridation, and sublimation) will be separately discussed with
regard to past experimental measurements and modelling efforts. Gaps and open questions within the
literature will then be highlighted as further justification of the objectives and methodology of this
thesis.
2.1 Finite Rate Models
For many flow regimes of interest it is essential to employ finite-rate reactions to accurately model
the effects of surface chemistry. A comprehensive and general framework for implementing such
reaction schemes is given by Marschall et al. [28]. The conventions of these authors for describing
surface processes will be adopted here, as they can be applied to a wide range of models with varying
complexity. In this framework, three distinct environments are considered: the gas, surface, and bulk
13
14 Chapter 2 - Carbon Ablation
environments. These are all comprised of one or more “phases” to represent separate regions. The
gas environment is, by definition, a single phase containing distinct air and ablation species. Surface
reactions can then occur at a finite number of “active sites” in the surface environment. There are
a total of five relevant types of surface reaction which may be defined, and are shown in Table 2.1.
Open surface reaction sites are indicated by (s), the bulk solid material by (b), reactants by A or B,
and occupied sites by A(s) or B(s).
Table 2.1 Relevant surface processes.
Reaction type General formulation
Adsorption / desorption A + (s)←−−→ A(s)
Eley-Rideal (ER) A + B(s)←−−→ AB + (s)
Langmuir-Hinshelwood (LH) A(s) + B(s)←−−→ AB + 2 (s)
Oxidation / reduction A + (s) + B(b)←−−→ AB + (s)
Sublimation / condensation (s) + A(b)←−−→ A + (s)
2.1.1 Park Model
One possible treatment of finite-rate surface reactions is to consider them as one-step processes, ig-
noring any adsorption and desorption steps, and assuming that the reverse reactions proceed slowly
enough to be ignored. This approach is exemplified by the so-called “Park model”, and is perhaps the
most common type of model used for ablation studies. Strictly speaking, this model is not directly
attributable to Park and was instead first compiled by Chen and Milos [29], based loosely on previous
work by Park [30, 31]. This particular model has also seen many subsequent variations, such as the
addition of further sublimation processes by Havstad and Ferencz [32], or more recently the removal
of surface nitridation and the addition of nitrogen catalytic recombination by Chen and Gökçen [33].
Nevertheless, the reactions most commonly considered are:
(1) O + (s) + C(b) −−−→ CO + (s)
(2) O2 + 2 (s) + 2 C(b) −−−→ 2 CO + 2 (s)
(3) N + (s) + C(b) −−−→ CN + (s)
(4) 3 (s) + 3 C(b) −−−→ C3 + 3 (s)
(5) C3 + 3 (s) −−−→ 3 (s) + 3 C(b)
(2.1)
These reactions represent irreversible oxidation of O and O2 to form CO, irreversible nitri-
dation of N to form CN, and the sublimation and condensation of C3 carbon vapour. Catalytic re-
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combination of both oxygen and nitrogen has never been observed in measurable amounts for carbon
surfaces according to Park [34, 35], and so is not considered in the reaction scheme. Conceptually,
the oxidation and nitridation reactions are calculated by assuming that for every impact of a precursor
species i with the surface, there is a given probability γi of a reaction occurring. This empirical quan-
tity is typically inferred from fits to experimental data. The sublimation rate, in contrast, is driven
by the difference between the equilibrium and the actual C3 vapour pressure near the wall. Unfortu-
nately, there is much disagreement within the literature as to what values should be used for all of
these controlling parameters. These differences will be discussed in detail within Section 2.2.
2.1.2 Zhluktov and Abe Model
The Zhluktov and Abe [36] (ZA) model considers a more realistic physical representation of the sur-
face chemistry, with inclusion of all the process types listed in Table 2.1. A total of twelve reversible
surface reactions are specified:
(1) O + (s)←−−→ O(s)
(2) N + (s)←−−→ N(s)
(3) 2 O(s)←−−→ O2 + 2 (s)
(4) O2 + (s)←−−→ O + O(s)
(5) CO2 + (s)←−−→ CO + O(s)
(6) O(s) + C(b)←−−→ CO + (s)
(7) O + O(s) + C(b)←−−→ CO2 + (s)
(8) 2 O(s) + C(b)←−−→ CO2 + 2 (s)
(9) C + (s)←−−→ (s) + C(b)
(10) C2 + 2 (s)←−−→ 2 (s) + 2 C(b)
(11) C3 + 3 (s)←−−→ 3 (s) + 3 C(b)
(12) N2 + (s)←−−→ N + N(s)
(2.2)
These reactions correspond to: adsorption and desorption of O and N; dissociative adsorption and
catalytic recombination of O2 and N2; oxidation to produce CO and CO2; and sublimation of the
surface into C1, C2, and C3. It should be highlighted that molecular adsorption and nitridation are
not included. For a full description of the rate equations and constants, the reader is referred to the
original publication by Zhluktov and Abe [36].
One crucial aspect of the ZA model is that surface coverage must be accounted for. There are
a fixed number of active sites per unit surface area which may be occupied by adsorbed species. The
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surface coverage of each species is used as input to the rate equations. The usage of more advanced
models such as this is significantly more computationally expensive than for simple forward-rate
approaches. Not only are there a larger number of finite rate reactions which must be solved at each
time step, the surface coverage of each species must be tracked. Another problem is that experiments
are generally only capable of measuring bulk quantities such as the mass loss rate or overall reaction
efficiency. There are few studies available which can be used for specifying individual rate constants
for such detailed surface reaction models.
2.2 Past Surface Reaction Data
2.2.1 Oxidation
Carbon oxidation is perhaps the most important of all the surface processes, whereby atomic or molec-
ular oxygen reacts with the surface to form CO. Atomic oxidation is particularly important because
oxygen is typically highly dissociated in flowfields relevant to atmospheric entry. Note that the pro-
duction of CO2 is often not considered since the process is comparatively slow [37]. A commonly
used expression for the atomic oxidation efficiency is given by:
γO = 0.63 × exp
(
−1160
Tw
)
(2.3)
This expression was specified by Park [37] based on fits to the results of a range of experiments [38–
44], and varies from around 0.01 at room temperature to 0.3 at 3000 K. Figure 2.1 shows a plot of this
fit, labelled as “EQ. (1)”, alongside the relevant experimental data.
There appears to be some disagreement in the literature regarding molecular oxidation, both in
terms of the efficiency and the reaction process itself. In the “Park model,” as described by Chen and
Milos [29], both atoms in the oxygen molecule react with the surface
(
O2 + 2 (s) + 2 C(b) −−−→ 2 CO
)
with a constant γO2 = 0.5 reaction efficiency at all temperatures. However, in the original publication
by Park [37] only one oxygen atom reacts with the surface
(
O2 + (s) + C(b) −−−→ CO + O
)
and the
following expression is given for the reaction efficiency:
γO2 =
1.43 × 10−3 + 0.01 exp (−1450/Tw)
1 + 2 × 10−4 exp (13, 000/Tw) (2.4)
This expression is based on a fit to experimental data, labelled as “EQ. (2)” in Figure 2.2. It can be
seen that the experimental data varies by several orders of magnitude between different studies and
types of graphite. Perhaps this large variation is why Chen and Milos [29] chose simply to assume a
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Figure 2.1 Atomic oxidation reaction probabilities and curve fit [37].
constant γO2 = 0.5, as this is representative of the highest measured rates and would be a conservative
estimate with less computational expense. Another important consideration is that oxygen will be
highly dissociated for many reentry flowfields of interest. For this reason, molecular oxidation has
been completely disregarded in some studies [9, 45].
Arrhenius expressions such as Equation (2.3) are convenient for use in simulations; however,
they are only accurate for a limited range of conditions in the case of oxidation. High temperature
behaviour in particular is not accurately captured, because the reaction efficiency is generally ob-
served to reach a maximum around 1600–1800 K (for atomic oxidation), depending on the study and
conditions, before then reducing with temperature. This behaviour can be seen upon close inspection
for some of the data in Figure 2.1. As a consequence of this, Maahs [46] noted that the maximum
mass loss rate due to oxidation will be kinetic-controlled and not diffusion-limited for a wider range
of conditions than was previously thought.
The phenomenon of reduced oxidation rates at high temperatures was observed as early as the
1940’s by Strickland-Constable [48] in heated carbon filament experiments. Based on their experi-
mental data, a kinetic expression for the mass loss rate (g·cm−2·sec−1) was developed as a function
of the surface temperature and oxygen partial pressure PO2 . A variety of different expressions were
similarly developed by other authors and were summarised by Maahs [47] in Figure 2.3, based on a
similar plot by Blyholder et al. [49]. Both Strickland-Constable and Blyholder et al. speculated that
the observed maximum was due to the graphite containing two types of reaction sites: type A sites
which are more reactive due to the presence of impurities, and type B sites which are less reactive. It
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Figure 2.2 Molecular oxidation reaction probabilities and curve fit (from Park [37]).
Figure 2.3 Carbon filament mass loss rates at PO2 = 10
−2 torr (from Maahs [47]).
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Figure 2.4 Hysteresis behaviour of CO production (from Olander et al. [50]).
was proposed that at higher surface temperatures, the type A sites would thermally anneal into type
B sites and thus overall the material would become less reactive.
The concept of there being two types of reaction zones was further investigated in molecular
beam experiments by Olander et al. [50]. Here, hysteresis behaviour was observed for CO production,
whereby the apparent reaction probability was higher while heating up than when cooling down for
the same surface temperature (shown in Figure 2.4). It was suggested that there was a competition
between the creation of highly reactive zones by oxidation and deactivation of the surface by thermal
annealing, with the associated time scale being much longer than the surface chemical reactions
themselves. It was also proposed that surface migration of adsorbed O between the two types of
reaction zones was an important step in CO production at high surface temperatures.
The CO hysteresis behaviour observed by Olander et al. [50] was again seen in more recent
molecular beam experiments by Murray et al. [51], as shown by the top right plot in Figure 2.5.
They also observed that CO2 production quickly slows with increasing surface temperature, which
was attributed to the “Boudouard reaction” (CO2 + (s) + C(b) −−−→ (s) + 2 CO). Most importantly,
however, it was found that thermal desorption of O dramatically increases with surface temperature.
It was concluded that this and the consequently shorter sticking times were responsible for inhibiting
CO production at high temperatures.
20 Chapter 2 - Carbon Ablation
Figure 2.5 Integrated flux of O, O2, CO, and CO2 at various surface temperatures due to oxygen beam
impingement. Red and blue correspond to increasing and decreasing surface temperature, respectively (from
Murray et al. [51]).
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It is clear that such detailed atomistic-level surface chemistry is not possible to capture with
the simple one-step reactions employed in the Park model. Significant deviations can be expected
at temperatures above 2000 K where non-Arrhenius behaviour is observed. It should be noted that
this behaviour is also not captured in the ZA model, as it assumes a pure-graphite surface with no
impurities and therefore only one type of reaction zone [36].
2.2.2 Nitridation
Nitridation is a process which is similar to oxidation in principle, and was first experimentally in-
vestigated by Goldstein [52] in 1964. These measurements involved the impingement of atomic and
molecular nitrogen beams in separate experiments onto a resistively heated graphite sample, with
the reaction products condensed in a liquid nitrogen temperature trap for analysis. For both atomic
and molecular nitrogen, the reaction products hydrogen cyanide (HCN) and carbon dioxide were pro-
duced, believed to be due to impurities in the gas stream. The product cyanogen (C2N2) was produced
only for atomic nitrogen, and not for molecular nitrogen. This is an important result, in that it indi-
cates that molecular nitrogen does not chemically react with the surface. Atomic nitrogen, however,
is able to react to form the cyano-radical CN which produced C2N2 in Goldstein’s experiments after
being condensed . Thus, only atomic nitridation is considered in surface reaction models. Analysis of
the ratios of captured C2N2 and input N atoms provides measured nitridation efficiencies γN ranging
from 0.41 × 10−3 to 1.69 × 10−3 for two different graphite materials, with surface temperatures from
1694–2365 K.
Further measurements of nitridation efficiency were not conducted again until the work of Park
and Bogdanoff [53] in 2006, after it was highlighted as a potentially important process for ablation
predictions [9]. It was noted that although the nitridation reaction itself does not release as much
energy as oxidation, the resultant CN molecules may interact within the gas phase by the process:
N + CN −−−→ N2 + C + 2.04 eV (2.5)
According to Park et al. [9], this exothermic reaction will tend to rapidly reach equilibrium in most
density regimes of interest. The resultant increased heat transfer rate was expected to be comparable
to that from oxidation [29]. Further, CN is known to be a strong emitter and may act to radiatively
heat the solid surface. Park and Bogdanoff [53] measured γN by electrically heating a grid of carbon-
coated wires inside the EAST facility and measuring the emissions of CN in the wake-flow. The
measured nitridation efficiency at both 300 K and 1100 K was approximately constant at γN = 0.3.
The accuracy of Park and Bogdanoff’s measurements has been disputed by more recent stud-
ies. Suzuki et al. [54] measured the nitridation rate by exposing a graphite rod to a pure nitrogen
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flow in an arc jet. The incident flux of atomic nitrogen on the surface was estimated by evaluat-
ing the flowfield using CFD, without consideration of nitridation. The mass loss of the graphite rod
over time was then used to deduce nitridation efficiency. This was found to range from 0.25× 10−3 to
0.32×10−3, for surface temperatures from approximately 1822–2184 K. These values are three orders
of magnitude lower than those found by Park and Bogdanoff [53], and in close agreement with the
original measurements by Goldstein [52]. Suzuki et al. [55] later took additional measurements for
lower temperatures, down to 1351 K. A regression analysis of the data from these two studies [54, 55]
yielded the following expression for nitridation efficiency:
γN = 8.441 × 10−3 exp
(
−2322
Tw
)
(2.6)
Further measurements at low surface temperatures were made by Zhang et al. [56], using a
microwave discharge heated flow in a furnace-heated quartz tube. Nitridation efficiency was derived
from the graphite mass loss over time and the interpolated N concentration at the sample location,
based on the measured concentrations entering and leaving the reactor. It was found that γN increased
from around 0.2 × 10−3 at 873 K to 9.8 × 10−3 at 1373 K. An additional measurement was made
with the sample at room temperature, yielding a reaction efficiency of 4 × 10−6 which is 5 orders of
magnitude lower than was measured by Park and Bogdanoff [53] at 300 K.
The most recent measurements of nitridation efficiency were conducted by Helber et al. [57],
using the von Karman Institute (VKI) 1.2 MW Plasmatron facility. Graphite samples were placed in
various pure nitrogen flows, which each provided different heating rates and surface temperatures.
The experimentally measured mass blowing rates and surface temperatures were imposed in numer-
ical simulations in order to infer the reaction efficiency. The measured γN varied from 3×10−3 at
2140 K to 0.81–1.25×10−3 at 2575 K. To the author’s knowledge, this is the highest surface tem-
perature for which nitridation efficiency has been measured. Helber et al. [57] created the summary
plot shown in Figure 2.6 of all current experimental measurements of γN, based on a previous plot by
Zhang et al. [56]. It is clear that there is much discrepancy between the limited number of measure-
ments found in the literature. Even disregarding the measurements by Park and Bogdanoff [53], the
data can differ by an order of magnitude for the same surface temperature. It is clear that any new
data would be valuable to resolve these differences.
Despite the discrepancies, it does appear that the use of an Arrhenius rate formulation for γN is
reasonable (ignoring the Park and Bogdanoff [53] results) to approximate the currently available data.
It is important to note, however, that measurements have not yet been taken for surface temperatures
above 2575 K, whereas temperatures encountered in flight can be in excess of 3000 K. The behaviour
of carbon nitridation at these high temperatures is still unknown, and it is yet to be seen if detailed
surface chemistry effects will result in non-Arrhenius behaviour as was the case with oxidation. High
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Figure 2.6 Summary of nitridation efficiency measurements (adapted from Helber et al. [57])
temperature measurements of nitridation are unfortunately difficult, due to the need for production of
atomic nitrogen. Most facilities capable of exposing a hot graphite sample to dissociated nitrogen also
require relatively low test pressures to operate. Under these low pressure conditions, significant levels
of sublimation will occur and it is difficult to decouple this effect from measurements of nitridation.
2.2.3 Sublimation
Sublimation is generally modelled as a competing-rate process, even when other reactions such as ox-
idation are treated as a forward-step only. The sublimation mass flux is typically considered as being
driven by the difference between the sublimation species’ actual partial pressures at the wall and the
corresponding equilibrium vapour pressures
(
Peq,i − Pi
)
, or similarly by an equilibrium composition
difference term
(
χeq,i − χi
)
. The vapour composition of carbon may consist of a range of species from
C through to C7 in varying amounts, although it is well-known that the dominant sublimation product
at most surface temperatures of interest is C3 [9]. Therefore, accurate specification of PC3 is central to
predicting mass blowing rates due to sublimation. As noted by Havstad and Ferencz [32], however,
there is little agreement in the literature on this matter. For example, it was shown after some manipu-
lation [32] that between six studies by Keenan [58], Keenan and Candler [59, 60], Blottner [61], Park
and Ahn [45], and Suzuki et al. [62], the following three expressions were used:
Peq,Keenan,C3 = 2.47 × 1010 × exp (−93, 227/T ) (2.7)
Peq,Blottner,C3 = 4.3 × 1015 × T 1.5 × exp (−97, 597/T ) (2.8)
Peq,Park,C3 = 1.56 × 105 × exp (−59, 410/T ) (2.9)
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Figure 2.7 Sublimation species partial pressures (from Havstad and Ferencz [32]).
It can be seen that there is a wide variation in the basic parameters, and also disagreement in whether a
temperature exponent term is required. Another option for finding PC3 is to obtain it from a thermody-
namic database. However, it was shown by Milos and Chen [13] that there are significant differences
for PC3 between the commonly-used Joint-Army-Navy-Air Force (JANAF) [63] and Chemical Equi-
librium with Applications (CEA) [64] databases.
Consideration of sublimation species other than C3 was identified by Havstad and Ferencz [32]
as being particularly important at extremely high temperatures. For example, consider the predic-
tions in Figure 2.7 based on calculations by Leider et al. [65], and Lee and Sanborn [66]. Above
4000 K, the contribution of C3 to the total equilibrium vapour pressure can be less than 50%. Even
at the “low” temperature of 3000 K, 18% of the equilibrium vapour pressure is due to species other
than C3. Gosse [67] examined the differences in total equilibrium vapour pressure from a range of
sources, shown in Figure 2.8, including experimental fits, theoretical calculations, and thermody-
namic databases. It can be seen that Peq can vary by an order of magnitude or more, and becomes
worse as surface temperature increases. Since Peq is the primary factor which drives the sublimation
ablation rate, this is a very problematic discrepancy.
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Figure 2.8 Graphite phase diagram with various relations from literature (reproduced from Gosse [67]).
2.3 Summary
It has been shown that despite the considerable past efforts in the study of carbon ablation, there are
still many unknowns in both the rate constants and the physical mechanisms themselves. Ablation
at high temperatures in particular is not well understood or modelled due to non-Arrhenius oxidation
behaviour, lack of nitridation measurements, and large variations in predicted vapour pressures for
sublimation. Of particular importance is the lack of experimental data for such conditions, and this is
a problem which this thesis will address.

Chapter 3
Expansion Tunnel Experiments of Earth
Reentry Flow with Surface Ablation
Reproduced entirely from a paper published in the Journal of Spacecraft and Rockets:
Lewis, S., Morgan, R., McIntyre, T., Alba, C., and Greendyke, R., “Expansion Tunnel Experiments
of Earth Reentry Flow with Surface Ablation,” Journal of Spacecraft and Rockets, Vol. 53, No. 5,
2016, pp 887-899.
See Publications During Candidature in the preamble of this thesis for a statement of the author
contributions to this paper. Some minor changes were made to the as-published paper for the
purposes of inclusion into this document, and are detailed in Appendix A.
3.1 Abstract
The thermal protection system of a reentry vehicle must endure extreme heating loads, leading to high
surface temperatures and associated phenomena such as thermochemical ablation. Accurate modeling
and prediction of these processes is critical for determining heat-shield sizing requirements; however,
large uncertainties still remain. Due to the high costs associated with flight tests, ground testing
remains an economical option for addressing these uncertainties. In this study, experiments with elec-
trically pre-heated graphite samples are conducted in The University of Queensland’s X2 expansion
tunnel. Calibrated spectral measurements of the shock layer emissions are taken in the wavelength
region of 353 to 391 nm, targeting the carbon-nitrogen violet band for surface temperatures from 1770
to 2410 K. It is observed that carbon-nitrogen concentrations clearly increased within the boundary
layer at higher surface temperatures. Numerical simulations failed to reproduce this behavior and
instead indicate that production should be relatively constant. Increased levels of carbon-nitrogen
radiation with surface temperature are also found throughout the entire shock layer and even the free-
stream, another observation that is not predicted by the simulations. It is proposed that this effect is
due to spallation; however, further experiments are required to verify this.
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3.2 Introduction
The thermal protection system (TPS) of a reentering vehicle must endure extreme aerothermal and
possibly radiative heating, leading to a number of high temperature phenomena such as thermochem-
ical ablation. Accurate modeling of surface thermochemical phenomena is critical for minimizing un-
certainties in TPS sizing, and therefore reducing excess weight. Due to the high costs associated with
in-flight testing, ground testing stands as a cost-effective method for reducing modeling uncertainties.
Ablation testing has often been conducted in long-duration facilities such as arc jets [12, 44, 46, 68–
70]. These facilities are capable of providing representative surface heat fluxes and excel at inves-
tigating the in-depth response of TPS materials. They are, however, unable to reproduce a realistic
in-flight shock layer due to low Reynolds numbers and, depending on the facility, a high degree
of thermal and chemical nonequilibrium in the freestream. In contrast, impulse facilities such as
shock tubes and their variants are well suited to reproducing realistic flight conditions. Due to their
extremely short test times, however (ranging from around 100 µs to several milliseconds), they are
unable to aerothermally heat test models up to representative in-flight temperatures. A method for
electrically preheating reinforced carbon-carbon (RCC) samples to temperatures approaching 2500 K
was recently developed by Zander et al. [25] to address this issue. It was shown that the surface ther-
mochemistry was significantly promoted and the effects could be observed within the available test
time of an impulse facility.
The mass loss rate due to thermochemical ablation processes for a carbon-based TPS can gen-
erally be divided into three regimes, described by their main controlling or limiting parameter, shown
in Figure 3.1 [71]. The exact terminology used varies between authors [46, 69, 72], although the same
trends are observed. In the kinetic-limited regime, also known as reaction limited or chemistry lim-
ited, the surface temperature and flow conditions are sufficient to allow surface reactions to occur and
are limited by the reaction rates. In the diffusion-limited regime, higher surface temperatures result
in reaction rates that exceed the rate at which their precursor species can diffuse to the surface. In the
sublimation regime, the surface temperature has reached the material’s sublimation temperature and
the resulting carbon vapor species become the dominant component of mass injection into the flow.
This injected gas is composed mostly of tricarbon (C3); however, it may also contain lesser amounts
of other carbon species up to C7 [32]. The general trend is a moderate increase in ablation rate with
surface temperature in the kinetic-limited regime, followed by a plateau when the ablation becomes
diffusion-controlled; then, finally, there is a rapid increase once sublimation is reached. Despite the
high mass loss rate under sublimation conditions, the TPS can still be efficient due to radiative cooling
and the energy absorption for phase change.
Another contributor to mass loss is mechanical spallation of the surface. For a charring heat
shield, Mathieu [73] attributed spallation to a combination of shear stress, thermal stress, and internal
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Figure 3.1 Carbon ablation regimes [71].
stresses due to pressure buildup of pyrolysis gases. Park [31] also cited fragmentation of carbon
fibers and soot production from pyrolysis as sources of particle injection. Lundell and Dickey [69]
noted, however, that, even for purely graphitic materials, spallation became a significant contributor
to mass loss as surface temperatures approached 4000 K. This was attributed to a combination of the
preferential ablation of binder and filler phases, as well as a weakening of the material due to thermal
stresses. Additionally, it was found that the thermal stress mechanism resulted in spallation, even for
single-phase materials. Park [31] developed a method for investigating the effect of spalled particles
on the flow, which has now been used in several studies [27, 31, 74].
One important and well-known surface thermochemical process is the oxidation reaction
shown in Equation (3.1) [9], where C(b) indicates a carbon atom from the solid surface and (s) in-
dicates an open surface reaction site:
C(b) + O + (s) −−−→ CO + (s) + 3.74 eV (3.1)
This process not only causes mass loss and surface recession, its exothermic nature will further in-
crease heat transfer. A similar process may also occur for nitrogen, as shown in Equation (3.2) [9]:
C(b) + N + (s) −−−→ CN + (s) + 0.34 eV (3.2)
Although this reaction does not produce as much energy as Equation (3.1), the resultant cyanogen
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(CN) molecules may interact within the gas phase by the process shown in Equation (3.3) [9]:
N + CN −−−→ N2 + C + 2.04 eV (3.3)
According to Park et al. [9], this exothermic reaction will tend to rapidly reach equilibrium in most
density regimes of interest. The resultant increased heat transfer rate [29] can be comparable to that
from oxidation [9].
These surface reactions are often modeled using kinetic theory, where the parameter γi is the
reaction efficiency. This is the probability of a reaction occurring for each impact of an O or N atom
upon the surface. The oxidation efficiency was experimentally measured by Park [3] and is given by
Equation (3.4).
γO = 0.63e−1160/Tw (3.4)
The nitridation efficiency was also later measured by Park and Bogdanoff [53] and found to
be γN = 0.3 at both 300 and 1100 K. This value has been contradicted by a number of more recent
studies [54–56, 75] that found the nitridation efficiency to be around 10−3 with a weak temperature
dependence. Due to the importance of the nitridation process on surface heat transfer and ablation,
further experiments and model validation are required to reduce uncertainties.
The purpose of this study is to obtain quantitative measurements of CN emissions for use
in numerical comparisons investigating the nitridation process. The nitridation process is targeted
in these experiments due to the previous disagreement in the literature. The measurements will be
taken in an impulse facility to produce a full hypersonic shock layer around a test model. The models
will be pure graphite and preheated to a number of representative surface temperatures using the
methodology of Zander et al. [25]. This preheating technique currently allows an upper temperature
limit of around 2500 K, whereas previous studies of nitridation have been limited to 1900 K [54].
3.3 Experimental Overview
3.3.1 Facility and Test Condition
Experiments were conducted in the X2 superorbital expansion tunnel at the University of Queensland,
shown schematically in Figure 3.2. This facility is capable of providing representative reentry flow
environments for use with subscale test models with a typical steady flow time of 100 µs [76]. The
tunnel is fired by releasing the piston, which is then rapidly accelerated by the high-pressure reservoir
gas. The piston adiabatically compresses the driver gas, comprised of a helium/argon mixture, signif-
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icantly raising its pressure and temperature. At a specified pressure, the 2.0 mm-thick steel primary
diaphragm bursts, allowing a strong shock wave to process the test gas contained within the shock
tube. When the shock wave reaches the secondary diaphragm, which is a thin aluminum sheet in this
study, the diaphragm immediately ruptures. This allows the test gas to undergo an unsteady expan-
sion into the acceleration tube. Finally, the flow is expanded through a nozzle before reaching the test
model.
Figure 3.2 Expansion tunnel schematic and ideal x-t diagram [77].
This study used the same 8.6 km/s flight-speed equivalent air condition as Zander et al. [25].
Table 3.1 shows the corresponding X2 gas fill pressures, primary and secondary shock speeds, cone-
head pressure (see work by Gildfind [77]), and associated measurement uncertainties. The resultant
freestream properties are shown in Table 3.2. The procedure employed for estimating these properties
was described by Zander [26]. The measured primary shock speed is used to calculate conditions in
the shock tube using normal shock relations. The gas is then allowed to undergo an unsteady ex-
pansion until it matches the measured secondary shock speed. The test flow properties are finally
calculated using steady flow with area change relations through the nozzle, with the expansion ratio
being tailored to match the experimentally measured cone-head pressure. This tailoring is necessary
to compensate for boundary-layer effects. An equilibrium assumption is used to estimate the chemical
composition of the flow. Uncertainties are not provided in Table 3.2 because the extent of any addi-
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tional error introduced by the underlying assumptions and simplifications of the estimation process
are not well known. A dedicated investigation would be required to characterize this.
Table 3.1 Test condition fill pressures and measured quantities.
Parameter Value Gas
Reservoir fill pressure (MPa) 6.85±0.05 Air
Driver fill pressure (mBar) 928±2 80% He, 20% Ar
Shock tube fill pressure (mBar) 30±2 Air
Acceleration tube fill pressure (Pa) 10±3 Air
Primary shock speed (km/s) 4.1±0.1 -
Secondary shock speed (km/s) 8.4±0.2 -
Cone-head pressure (kPa) 8.3±0.8 -
Table 3.2 Calculated freestream properties.
Parameter Value
ht (MJ/kg) 38.2
P (Pa) 847
T (K) 2040
u (m/s) 8500
ρ, kg/m3) 1.45 × 10−3
yN2 0.751
yO2 0.225
yNO 8.53 × 10−3
yCO 1.26 × 10−5
yCO2 4.65 × 10−4
yAr 0.013
yO 2.37 × 10−3
3.3.2 Test Model
The methodology developed by Zander et al. [25] for electrically preheating carbon models was em-
ployed to achieve appropriate surface temperatures for ablation studies. Figure 3.3 shows the test
model mounting system and copper electrodes. The power supply used was a 10.75 V dc rectifier,
which could provide up to 250 A with this test model. Voltage was manually controlled to achieve dif-
ferent surface temperatures with approximately 200 K increments. Before each test, electrical power
was increased to the desired level and held for approximately 5–10 s before firing to ensure a steady-
state temperature distribution.
The test model was a half-cylinder with a 50 mm outer diameter, a 46 mm inner diameter, and a
10 mm width. The material used for all test models was GM-10-grade isotropic graphite manufactured
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Figure 3.3 Schematic view of carbon model in the X2 test section (from Zander et al. [25]).
by Graphel, LLC. The quoted resistivity and density were 1500 µΩ/cm and 1.78 g/cm3. As can be
seen in Figure 3.4, the material has a fine-grain amorphous structure. This image was taken by a
scanning electron microscope (SEM) with a resolution better than 100 µm. The primary advantage of
pure graphite over the RCC material used by Zander et al. [25] is that it produces a more even surface
temperature distribution. Additionally, although the RCC must be gradually heated due to the risk of
delamination or loss of contact with the copper clamps, this material can be rapidly heated without
failure.
Surface temperature measurements were achieved with a Canon 400D digital single-lens reflex
(DSLR) camera, which was calibrated by Zander et al. [25] to perform two-color ratio pyrometry
(TCRP). TCRP is a useful temperature measurement technique when it can be assumed that an object
behaves like a gray body for which the emissivity does not vary within the wavelength region of
interest. Under these circumstances, the signal ratio (S R) of emissions at two different wavelengths
depends only on temperature, with the relationship shown in Equation (3.5). DSLR cameras contain
sensors that record signals corresponding to the colors red R, green G, and blue B. This allows three
possible combinations of signal ratios (R/G, R/B, and G/B) for temperature measurement:
S R(λ2, λ1) =
λ51
λ52
e
(
hc
λ1kTobj
)
− 1
e
(
hc
λ2kTobj
)
− 1
(3.5)
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Figure 3.4 SEM image of the model surface.
3.3.3 Ultraviolet Spectroscopy
Measurements of shock layer emissions were performed with an Acton Research Spectra Pro 2300i
spectrometer coupled with a Princeton Instruments PI-MAX image-intensified charge-couple device
(ICCD) camera, with a generation II super blue (SB) slow gate intensifier sensitive in the ultraviolet
(UV). The spectrometer used an 1800 lines/mm holographic grating centered at 372.5 nm, which
allowed the observation of wavelengths from approximately 353 to 391 nm. This wavelength region
corresponded to the CN violet (B-X) ∆v = 0 and ∆v = +1 bands. The camera exposure time was
15 µs during the steady test time, and the gain was set to 220. The spectrometer entrance slit width
was 50 µs.
The arrangement of the optical system is shown in Figure 3.5. Shock layer emissions were
captured by a 50-mm-diam concave mirror and directed through a series of flat turning mirrors before
forming an image on the spectrometer entrance slit. A combined periscope and beam rotator was
employed to orient the flow direction along the slit. All mirrors used a magnesium fluoride (MgF2)
enhanced aluminium (Al) coating. Figure 3.6 shows a representation of the capture area with respect
to the model. The system had a magnification of 1.0 and an f number of 10.
A calibration was conducted to convert the raw spectral data Iraw, measured in the arbitrary
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Figure 3.5 Schematic view of optical system (adapted from Eichmann [78]).
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Figure 3.6 Typical slit capture area (not to scale, adapted from Zander et al. [25]).
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unit of “counts,” into spectral radiance. To accomplish this, a Labsphere CSTM-LR-2Z-4 with a
known spectral radiance profile was positioned in place of the model, and an image was recorded
with the spectrometry system. If this image was taken with the same spectrometer settings as in the
experiments, then the received signal in counts could be directly correlated to the known spectral
radiance to produce a calibration factor matrix C. This then allows a pixel-by-pixel calibration of
the experimental data. While conducting this procedure, it was found that the signal from the light
source was too weak to measure using the same exposure time as in the experiments (15 µs). To over-
come this, a longer exposure time of 50 ms was used and the image was then scaled down to a 15 µs
equivalent. A simple linear scaling method was not possible because this particular ICCD camera had
previously been found to have nonlinear behavior below 20 µs [78]. An appropriate scaling factor η
was instead determined experimentally by taking spectra at different exposure times, spanning 15 µs
to 50 ms, with a brighter light source. With this, the spectral calibration procedure is represented by
Equation (3.6):
Ical (λ, x) = Iraw (λ, x) C (λ, x) /η (3.6)
Past studies [78, 79] have shown a 10−20% shot-to-shot variation in measured spectral radi-
ance values. The measurements themselves have an estimated ±8% error, accounting for the integrat-
ing sphere calibration uncertainty, and an error associated with scaling the calibration image to 15 µs.
This leads to an estimated ±22% relative error in spectral radiance values. Uncertainty in the radiance
is found by accounting for the cumulative error in each integration step of the spectral radiance. This
varies between ±31% and ±33%, depending on the spatial location.
Dark images were taken before each test with the model unheated; however, background
subtraction using these was found to not to fully remove the dark current in the regions of the image
outside of the intensifier’s fiber optic bundle. During an actual test, there was a several-second waiting
period between arming the camera and receiving the trigger signal, during which the charge-coupled
device’s (CCD’s) normal dark-current removal procedures were not performed. This allowed an ad-
ditional charge accumulation, which was not accounted for in the dark images. It may be possible
that this extra charge was instead due to additional light from the heated model, although this should
not have had any influence on the region outside of the fiber bundle. The background was instead
removed by finding the average within a region of the CCD not exposed to any light from the fiber
optic bundle, and then subtracting this value from the whole image. It is believed that this procedure
was reasonable, since the dark images showed little variation from the mean throughout the whole
CCD.
The optical alignment and focus were checked before each test by placing a mercury (Hg)-
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argon (Ar) lamp behind the model and taking an image with the spectrometer centered at the 435.8 nm
Hg line. An example spatial profile is shown in Figure 3.7. The sharpness of the edge was determined
by the focusing quality and the crosstalk between adjacent pixels in the ICCD camera. As can be
seen, there is a distance of approximately 0.3 to 0.4 mm for the signal from the lamp to fully drop
due to the presence of the model. The instrument broadening function was not measured; however,
numerical spectra produced by Alba et al. [80] were found to match the experiments quite well when
convolved with a 0.15 nm full-width at half-maximum (FWHM) Gaussian function.
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Figure 3.7 Spatial profile extracted from alignment image for the 435.8 nm Hg line.
3.3.4 High-Speed Video
A Shimadzu HPV-1 high-speed camera was used in each test to check the timing of the spectrometer’s
exposure with respect to shock arrival, flow stabilization, and the end of the steady test time. This
ensured that all spectra were measured only during the steady test time. The camera viewed the model
from the top of the test section using a flat turning mirror. A frame rate of 500 kHz allowed all stages
of flow development to be observed with a total recording time of 202 µs.
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3.4 Results
3.4.1 Surface Temperatures
Figure 3.8 shows an example temperature map produced by the TCRP technique, demonstrating the
surface uniformity. All images were taken immediately before firing the tunnel. The temperature
uncertainty was estimated from the variation between results given by the three signal ratios. Table
3.3 shows the measured wall temperatures averaged near the stagnation point for the tests considered
in this study, as well as the corresponding power settings. As can be seen, the temperatures span a
range from 1770 to 2410 K. It should be noted that the images taken for case 3 were overexposed,
and therefore unusable. The temperature supplied here for this case was taken from another test with
identical electrical power settings but for which the spectrometer failed to trigger. Uncertainties in the
power settings were estimated based on the precision of the rectifier’s voltage and current meters.
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Figure 3.8 Example of temperature output for one ratio from DSLR images.
Table 3.3 Measured wall temperature and power settings for each test case.
Case Number Wall Temperature (K) Voltage (V) Current (A) Shot ID
1 2410±280 10.5±0.25 250±5 x2s2584
2 2170±180 8.3±0.25 210±5 x2s2585
3 1920±180 6.3±0.25 155±5 x2s2589
4 1770±180 5.1±0.25 130±5 x2s2587
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3.4.2 High-Speed Video
Triggering of the instrumentation is achieved by a photodiode looking into the test section. Upon
flow arrival, shock layer emissions cause the photodiode voltage to rise until a threshold is reached. A
pulsed signal is then sent to simultaneously trigger all instrumentation. The high-speed camera con-
tinuously records leading up to a test and then retains 70 µs of the pretrigger footage. The spectrometer
was set to delay for 20 µs after triggering before starting its 15 µs exposure. With this information, the
high-speed footage was analyzed for all cases to ensure that the spectrometer recorded only during
the steady test time. An example analysis is shown in Figure 3.9 for the 1920 K case. Figure 3.9(b)
shows a time where the flow structure has been established; however, there is a greater luminosity
compared to later in the test time when the spectrometer is exposed. It is believed that this increased
luminosity is due to contaminants such as iron and aluminum carried by the initial shock, which are
then convected away with time. Some evidence of spallation was observed in the high-speed videos,
particularly for the 2410 K case. At this magnification and resolution, however, it is difficult to char-
acterize in any way.
(a) Shock arrival (t = 36 µs) (b) Flow structure established
(t = 58 µs)
(c) Spectrometer start (t = 90 µs)
(d) Spectrometer finish (t = 106 µs) (e) First signs of driver gas arrival
(t = 170 µs)
(f) Steady test time ended (t = 200 µs)
Figure 3.9 Example analysis of high speed footage (time is with respect to start of video).
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3.4.3 Spectra
The ICCD camera records a two-dimensional image with distance along the vertical axis and wave-
length along the horizontal axis, where pixel intensity indicates the signal strength. An example
image, after calibration, is shown in Figure 3.10, with the shock front, boundary-layer edge, model
edge, and flow direction labeled. The wavelength axis was scaled by a linear fit to the locations of the
v′ = 0 and v′ = 4 peaks in the CN Violet ∆v = 0 band. The distance axis was scaled using the optical
system’s magnification of 1.0 and the known physical pixel spacing of 26 µm.
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Figure 3.10 Calibrated spectral data for 2170 K test (scale adjusted for visibility).
Figure 3.11 shows a comparison of the boundary-layer spectra for each case. Each spectrum
was averaged from 16 adjacent rows of the calibrated image starting at the model edge and ending
0.39 mm upstream. It can be seen that CN violet emissions are the dominant feature; however, there
are also a number of peaks corresponding to iron (Fe) contamination. Although the 1920 and 2170 K
cases have similar intensities, the levels of CN emissions overall appear to increase with surface
temperature. It is not immediately clear whether this is due to higher CN concentrations, higher
temperatures due to the nearby wall, or a combination of both. In Figure 3.12, the spectra have
all been normalized by their maximums. It is clear from this figure that, in all cases, there is no
distinguishable change in the relative heights of the CN peaks. This result strongly suggests that the
boundary-layer averaged CN temperature is essentially constant for all cases; therefore, the observed
increase of CN emissions with surface temperature is due primarily to higher species concentrations.
Figure 3.13 compares the freestream spectra for each case. Each spectrum was averaged from
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Figure 3.11 Spectra averaged within boundary layer.
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Figure 3.12 Normalized boundary layer spectra.
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11 rows of the calibrated image in a region from 2.34 to 2.6 mm upstream of the model edge. As would
be expected, the signal-to-noise ratio in this region is much worse than the boundary layer; however,
lines belonging to CN and Fe can be clearly identified. Carbon and iron are both known contaminants
in the X2 facility and are thought to originate from the tube walls. Curiously, however, there appears
to be a general trend in the freestream of increasing CN emissions with surface temperature. Overall,
the Fe levels are very similar, with the 2410 K appearing to be the worst. This may simply result
from the Fe lines being superimposed on the larger CN rotational tails. The background noise is
generally below 2.5 W·cm−2 · µm−1·sr−1, which is negligible compared to the scale of emissions in
Figure 3.11. This gives confidence that the background subtraction procedure described previously
was reasonable. Freestream spectra without a model were not taken.
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Figure 3.13 Free-stream spectra.
Figure 3.14 shows a comparison of emissions within the shock layer, with each spectrum
averaged over 31 rows of the calibrated image from 0.65 to 1.43 mm upstream of the model edge.
Features from CN and Fe appear, with the relative contribution from Fe being much higher than in
the boundary layer. The overall upward trend of CN emissions with surface temperature observed in
other regions still appears to be present here, although it is not as clear. The 1920 K case is just as
bright, if not brighter, than the 2170 K case; and only the 2410 K case shows a large increase, even
though the temperature gaps are similar from each case to the next.
Spectra of the flow past the model edge are compared in Figure 3.15. These were averaged
over 21 rows of the image from 0.78 to 1.3 mm downstream of the model edge. As shown by Fig-
ure 3.6, the capture area wraps around the model past the stagnation point; therefore, only emissions
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Figure 3.14 Shock layer spectra.
from half of the flowfield will be captured here, with the rest being blocked by the model. The spectra
look very similar to those from the boundary layer in Figure 3.11, but the signal is weaker because
the line of sight is blocked and temperatures are lower than at the stagnation point. The signal is
still stronger here than in the shock layer, however, despite the blockage. This is reasonable because
CN is the primary radiating species within this wavelength region, and there will be much more CN
expected at the surface past the model edge compared to the shock layer.
Radiances for each case were found by integrating the spectra from 353 to 391 nm at each
spatial location. The results of this are shown in Figure 3.16. For each case, there was a large rise
at the boundary layer from the production of CN at the surface, which then declined past the model
edge due to the line-of-sight blockage and lower temperatures downstream of the stagnation point.
Furthermore, the radiance within the shock layer was significantly higher than in the freestream due
to the excitation of CN and Fe contaminants. Interestingly, the radiance showed an upward trend with
the surface temperature in all regions of the flow, including the shock layer and freestream. It can be
seen from Figures 3.11, 3.13, 3.14 and 3.15 that there was little variation in Fe emissions, whereas
CN levels generally rose with surface temperature for all regions. Therefore, it would appear that the
increase of radiance with surface temperature was due primarily to contributions from CN.
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Figure 3.15 Spectra past model edge.
−1.5 −1 −0.5 0 0.5 1 1.5 2 2.5
0
0.5
1
1.5
2
2.5
3
3.5
Distance upstream of model (mm)
R
ad
ia
nc
e 
(W
 ⋅ c
m
−
2  
⋅
 
sr
−
1 )
 
 
2410 K
2170 K
1920 K
1770 K
Figure 3.16 Radiance profiles (353 to 391 nm).
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3.5 Discussion
It is difficult to interpret the spectral data and extract quantitative results because each line of sight
is integrated across nonuniform flow. Full numerical reproductions of the experiment are essential to
make further use of the data and reach conclusions regarding the suitability of current surface reaction
models. An investigation of this nature was conducted by Alba et al. [80], and readers are referred to
that paper for further details. One of the main outcomes of this study was that, although the consid-
ered models predicted different CN concentrations to each other, they all showed negligible variation
between the surface temperature cases. This could indicate that the nitridation efficiencies at these
surface temperatures were lower than previously thought or that there was some other mechanism for
CN production within this flow regime. Prior experimental studies and models were, however, valid
to 1900 K, and therefore should be expected to provide correct behavior for the 1770 and 1920 K
cases.
To validate the shape of the experimental boundary-layer spectra, a comparison was made
to numerical reproductions generated by Alba et al. [80]. The numerical spectra were produced by
averaging a number of line-of-sight spectra from the model stagnation point to 0.39 mm. This was
to mimic the averaging of the experimental spectra. The numerical shapes were very similar to each
other for all surface models and temperature cases. Furthermore, it was shown in Figure 3.12 that
the experimental shapes were identical. Therefore, only a shape comparison for one surface model
and temperature case was presented, since all others would be similar. In Figure 3.17, the 2410 K
experimental shape is compared with a numerical spectrum from a simulation that used the Park et
al. [9] surface model with a modified nitridation rate from Suzuki et al. [55]. Further details of the
numerical simulations can be found in work by Alba et al. [80]. Overall, there was a good similarity,
which gave confidence in the experiments. There was an excellent match for the vibrational peaks in
∆v = 0 band, except for the v′ = 4 transition, which was higher in the experiments. This disagreement
could be related to the v′ = 5 peak, which overlapped the v′ = 4 peak at this wavelength resolution.
Vibrational peak heights in the ∆v = +1 band were higher for the numerical spectrum than in the
experiment. Furthermore, the numerical spectrum showed additional peaks corresponding to the v′ =
8, 9, 10 transitions, which were not seen in the experiment. The v′ = 9 peak could simply be obscured
by Fe contamination, but the others should have been visible. Perhaps the signal-to-noise ratio in the
experiment was not sufficient for these features to appear. The rotational tails were very close for the
∆v = +1 band, whereas the experimental levels were slightly higher for the ∆v = 0 band. This may
indicate that the rotational temperatures were higher in the experiment, or this observation could be a
result of continuum radiation and contamination not considered in the simulation.
The observation of elevated CN emissions within the shock layer and freestream can largely
be attributed to facility contamination; however, the levels do appear to increase with model surface
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Figure 3.17 Scaled comparison to numerical boundary layer spectrum for 2410 K case.
temperature. Although this is a strange result, it is supported by previous experimental studies within
the literature [81–84]. Most recently, Sheikh et al. [81] observed this effect for a very similar ex-
periment in the X2 expansion tunnel using a calibrated twodimensional filtered imaging technique.
Macdonald and Laux [82] studied the ablation of a carbon-based material called ASTERMTM in a
1 atm air plasma flow, with their integrated CN emission intensities exhibiting a maximum near the
surface and then a lower nonzero steady value from approximately 1.5 to 4.0 mm upstream of the
model. Measurements were not taken at further distances. Arc-heated wind-tunnel experiments with
an ablating carbon-phenolic model conducted by Laux et al. [83] and Yoshinaka [84] found signif-
icant CN radiation within the inviscid flow region, approximately 2 cm in front of the model. To
explain this phenomenon, Park [31] proposed that spallated particles were spun by velocity gradients
within the boundary layer and then accelerated by Magnus forces into the inviscid region of the flow.
These particles could then experience surface reactions within the inviscid region to produce the ob-
served CN radiation levels. The presence of these particles was verified experimentally by Raiche and
Driver [85] by measuring the optical attenuation of a laser through an ablating arc jet flow. They found
that significant laser attenuation occurred even several millimeters upstream of the shock, accompa-
nied by low levels of emissions. Upon removal of the ablating model, these emissions disappeared
coincidentally, with the laser transmission reaching normal levels. Park et al. [74] numerically repro-
duced these results by varying the ejected particle quantity, size, and velocity distributions until the
experimental results were matched. There does not appear to be any theory to predict the amount
of spallation; however, Lundell and Dickey [69] did show a correlation between thermal stress and
mass loss rate. It should be noted that for, the current study, the internal temperature distribution
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is essentially inverted from those seen in flight and other ablation testing methods. The maximum
temperature is at the center of the model, and it is coolest at the radiating wall. In future tests, it may
be possible to zoom in further with the high-speed camera to verify the presence of ejected particles
in different regions of the flow. Following this, the next step should be to experimentally characterize
the particles in terms of their size and velocity distributions. Work along these lines has been con-
ducted in an arc jet facility by Martin et al. [86], who successfully measured the velocity distribution
of spalled particles by the processing of short exposure images.
There are other possible explanations for the elevated CN levels outside of the boundary layer.
It cannot be discounted that there may have been coincidental variations in facility contamination
that led to this observation. Further testing would be required to verify this. It is also possible
that smearing due to the spatial resolution of the experiment is causing these results. It was shown
in Figure 3.7(a) that the crosstalk in the focal plane was around 0.3 to 0.4 mm. Additionally, any
light originating outside of the focal plane would similarly be blurred across a finite area. This is
often characterized by specifying a depth of field (DOF) appropriate to the experiment (e.g., the
width of a cylindrical model) and calculating the corresponding circle of confusion (COC). For these
experiments, this is complicated by the fact that the flow is nonuniform and the effective radiating
flowfield width varies. To estimate this effect’s influence, however, the shock width for lines of sight
passing through the boundary layer was scaled from the high-speed video to be approximately 22 mm.
By using this width as the DOF, the COC could be calculated as 0.55 mm. It should be noted, though,
that the majority of CN near the model edge would be very close to the focal plane and be less
influenced than this value may imply. This is, however, not the case for regions downstream of the
stagnation point, although they would not be as bright due to the lower temperatures. Ultimately,
all these smearing effects are generally described by distribution functions that are nonzero at all
locations. It would require only a few percent of the peak intensity within the boundary layer to
smear into the shock layer to create the impression of rising CN levels here with surface temperature,
and similarly for the freestream. More precise characterization of the spatial resolution would be
required in future experiments to discount this effect.
It would have been highly desirable to measure the mass loss of the material: for example,
by weighing the sample before and after a test. Unfortunately, the aerodynamic forces are too great
and the samples are completely destroyed by the flow after each run. Even if the samples were
recoverable, however, they would still experience several milliseconds of posttest flow, along with
impacts from solid particulates and shrapnel originating from the ruptured diaphragms, before they
could be weighed. For these reasons, useful measures of mass loss rate could not be conducted.
Although there was generally an upward trend of CN emissions with surface temperature
within all regions of the flow, the 1770 and 1920 K cases were always very similar. This could be
attributed to the actual surface temperatures being much closer together than was measured, which
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was possible based on how large the uncertainties were relative to the spacing between the nominal
values. Additionally, the 1920 K temperature was not directly measured and was instead inferred
from another test with matching power settings, as discussed previously. It is, however, believed to
be unlikely that the actual temperatures were very close to each other, since the measured electrical
power was clearly much higher for the 1920 K case. It is thought that the similarity may simply be
due to shot-to-shot variation, which accounted for the majority of the stated uncertainties of ±22%
for spectral radiance and ±31 to ±33% for radiance.
The presence of Fe contamination in the spectrum is problematic, particularly for numerical
comparison, because it will cause integrated radiance levels to be higher than that of a clean flow.
The spectra selected for presentation in this study were those with the minimum Fe contamination for
each electrical power setting. An example of this is shown in Figure 3.18, where the accepted 1920 K
case is compared to an 1880 K case, which was rejected. Even for the selected cases, however,
there is still a contribution from Fe that should be quantified. To visualize and estimate the relative
contribution of Fe and CN to the total measured radiance, the spectral domain was split into different
regions dominated by either species and then integrated separately. The spectral region from 360
to 376 nm was selected as Fe dominated, with all other wavelengths dominated by CN. Figure 3.19
shows the relative contribution of these regions overlaid with the normalized total radiance to aid
visualization with respect to location in the flow structure. It should be emphasized that there is a
degree of ambiguity in these plots, since all regions contain features from each species; however, this
analysis is sufficient to gain insight into the trends. From this, it is estimated that CN contributions
are approximately 83 to 89% in the boundary layer, 65 to 75% in the shock layer, and 60 to 70% in
the freestream. Relative contributions from CN are greater for higher surface temperatures because
the absolute CN levels are increasing, whereas Fe levels remain similar.
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Figure 3.18 Example of boundary layer spectrum with high Fe contamination.
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Figure 3.19 Approximate relative contributions of Fe and CN to radiance.
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3.6 Conclusions
Expansion tunnel tests have been conducted with preheated graphite models over a range of surface
temperatures for an 8.6 km/s flight-speed equivalent airflowcondition. This is a unique dataset that
investigates the nitridation process in a flow regime uncommonly seen in ablation studies. Emissions
were measured in the wavelength region of 353 to 391 nm, corresponding to the CN violet ∆v = 0
and ∆v = +1 bands. These spectral measurements were calibrated to provide quantitative results for
comparison with numerical simulations and validation of models. CN concentrations were clearly in-
creased at higher surface temperatures; however, it is not clear if this was due to surface nitridation or
gas chemistry effects. It was also observed that CN radiation was increased with surface temperature
throughout the entire shock layer, and even the freestream. This effect has been observed previously
in the literature and was attributed to spallated particles. It is proposed that spallation is likely the
cause of these results; however, other explanations such as spatial smearing are possible, and further
experimental investigation should be undertaken to verify this. Simulations by Alba et al. [80] reason-
ably reproduced the boundary-layer spectral shape; however, all of the considered models predicted
nearly constant CN levels, unlike in the experiments. Future tests are currently planned with even
higher surface temperatures to study the effects of sublimation and diffusion-limited CN production.
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Chapter 4
Development of High Temperature Capability
It has been identified in Chapter 2 that there is a particular need for further study of carbon ablation
at high temperatures. With the power supply used by Zander et al. [25] and for the work presented in
Chapter 3, maximum temperatures of around 2500 K could be achieved. In order to more comprehen-
sively cover the range of conditions relevant to high speed entry, temperatures approaching 3300 K
are necessary.
The problem of electrically heating a sample to a desired temperature is in principle a sim-
ple energy balance problem. If only electrical heating and radiative cooling are treated as significant
contributors, then there are two options for increasing the maximum model temperature: first, the ra-
diating surface area can be reduced by decreasing the model size or otherwise changing the geometry;
and second, the maximum electrical power supplied to the model can be increased. In this chapter,
the latter approach is taken. The details of the process taken to estimate the requirements of a new
power supply are described, as well as the initial bench testing. Preliminary experiments at these
higher surface temperatures in the X2 expansion tube are then presented.
4.1 Estimating Power Requirements
The requirements of the new source were determined using approximate analytical methods. It is
assumed that convection is negligible as the sample is under vacuum conditions prior to a test. It is
also assumed that conduction into the copper clamps is negligible because it has been shown that the
effects of this are localised [26]. An estimate of surface temperature can then be made by assuming
equilibrium between electrical heating and radiative cooling. Consider a strip of arbitrary length L
and uniform cross-sectional area Acs with resistivity ρe. The electrical resistance is then given by:
R =
ρeL
Acs
(4.1)
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Equating the overall electrical heating and radiative losses yields:
I2R = εAsσT 4 (4.2)
Where As is the total exposed surface area. By substituting Equation (4.1) into (4.2) and setting
As = PL, where P is the cross-sectional perimeter, it can be shown that the temperature is given by:
T =
(
I2ρe
εPσAcs
)0.25
(4.3)
This formulation is useful because it is independent of the overall length (and therefore resistance)
of the model, depending only on the cross-sectional properties.
The model configuration from Chapter 3 was used a basis for estimating electrical supply
requirements. Recall that the cross section was 10 mm wide and 2 mm thick. The geometry was a
hemicylindrical strip with an outer diameter of 50 mm, therefore the path length through the centre of
the cross section is L = pi (50 − 2) /2 = 75.4 mm. The material resistivity for Graphtek GM-10 is taken
as ρe = 1.4 × 10−5Ωm based on manufacturer data [87]1, and the emissivity is assumed to be ε = 0.9.
The voltage and current requirements to achieve a desired temperature can then be determined using
these numbers. It should be noted that this simple 1-D analysis is not able to account for model
curvature effects, however, as will be shown, it appears to be reasonable for estimation purposes.
Figure 4.1 shows the predicted voltage and current requirements for a range of surface tem-
peratures, as well as experimental data points obtained in Chapter 3. It can be seen that the predicted
temperature for a given electrical current agrees well with the experiments; however, the temperature
produced for a given voltage was underestimated. This is likely due to model being clamped a finite
distance from its edge, effectively reducing the total electrical path length. It was found that subtract-
ing a distance of 16 mm from the path length allowed the voltage predictions to be corrected. Using
these results as a basis, the new power supply, shown in Figure 4.2, was selected. This was a low-
ripple DC rectifier capable of supplying up to 22.5 V and 1500 A with the output voltage controlled
by a separate motorised variable auto transformer. With the previous model geometry, this would
allow an estimated maximum temperature of 3600 K at 22.5 V and 540 A.
1There is an apparent mistake in the manufacturer data where the resistivity is given as 0.000 55Ωin−1, but the units
should presumably be Ωin instead. Taking this same number but changing the units provides results consistent with the
measured voltages and currents from Chapter 3, so this change appears to be correct.
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Figure 4.1 Electrical supply requirements.
Figure 4.2 New power supply.
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4.2 Bench Testing
Benchtop testing was conducted in order to evaluate the performance of the power supply. The models
were the same as described in Section 3.3.2. These were mounted as shown in Figure 4.3 and then
sealed under vacuum by a perspex dome to contain any vapour products. The models were heated
by gradually raising the voltage from 0 V to the maximum of approximately 22.5 V, over a period of
around 30 s.
The first test was unsuccessful due to melting of one of the copper electrodes. This was a
troublesome initial result, as it appeared to indicate that the clamps could not survive the transient
heating process and that an active cooling technique may be required to offset heat conduction from
the model. As can be seen in Figure 4.4, however, melting only occurred for one of the two sets of
clamps, and there was spot damage on the graphite model likely due to electrical arcing. Therefore,
it appears that this failure was due simply to insufficient tightening of the clamps, leading to a loss of
contact and the formation of an arc which then melted the clamp.
Subsequent tests were more successful and it was observed that the predicted voltage and
current were approximately reached, meaning that the model resistance had not changed significantly
with temperature. Furthermore, the model could be held in an apparent steady state at the maximum
electrical power for several seconds before the voltage was manually reduced. After testing, the model
and setup were inspected for damage. As shown in Figure 4.5, all components including the model
were still intact. Based on these results, it was determined that it is possible, with the current clamp
design, to heat the graphite model to the newly available maximum temperatures and hold it for long
enough to conduct an impulse facility test.
Attempts were made to measure the maximum model temperature using the DSLR pyrometry
method. Unfortunately, all of the images were overexposed and therefore the bench testing tem-
perature results were inconclusive. Regardless, the tests were considered to be successful because
the electrical characteristics of the model were validated. Furthermore, it appears that sublimation
temperatures were successfully reached due to the formation of a black residue on many of the sur-
faces, as can be seen in Figures 4.4 and 4.5. This residue is thought to be mostly condensed carbon
vapour, although some of it may be a result of high temperature decomposition or corrosion such as
the formation of copper oxide (CuO).
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Figure 4.3 Benchtop testing setup without perspex dome.
(a) Melted electrode (b) Spot damage from suspected arcing
Figure 4.4 Damage and evidence of arcing from first bench test.
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Figure 4.5 Graphite sample and clamps after heating test.
4.3 X2 Experiments
Experiments were conducted in the X2 expansion tube in order to gather preliminary results on the
effect of the newly available maximum temperatures, and particularly to measure emissions from new
species in the flow due to sublimation. For this set of tests, a 9.7 km/s flight-equivalent velocity
Earth reentry flow developed by Sheikh [79] was used. The facility fill pressures, shock speeds,
and measured test pressures are shown in Table 4.1. This condition utilised a 2.0 mm thick steel
primary diaphragm and a single aluminium foil sheet secondary diaphragm. The estimated free-
stream properties including species mass fractions are shown in Table 4.2.
Table 4.1 Test condition fill pressures and measured quantities.
Parameter Value Gas
Reservoir fill pressure (MPa) 6.85±0.05 Air
Driver fill pressure (mBar) 928±2 90% He, 20% Ar
Shock tube fill pressure (mBar) 30±2 Air
Acceleration tube fill pressure (Pa) 10±3 Air
Primary shock speed (km/s) 4.7±0.1 -
Secondary shock speed (km/s) 9.6±0.3 -
Static pressure at nozzle entry (Pa) 5000±750 -
Pitot pressure (kPa) 115±12 -
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Table 4.2 Calculated test condition free-stream properties.
Parameter Value
Total Enthalpy (MJ/kg) 50.3
Pressure (Pa) 930
Temperature (K) 2500
Velocity (m/s) 9700
Density (kg/m3) 1.26 × 10−3
yN2 0.745
yO2 0.187
yNO 2.09 × 10−2
yCO 1.48 × 10−4
yCO2 2.53 × 10−4
yAr 1.29 × 10−2
yO 3.38 × 10−2
4.3.1 Instrumentation
The instrumentation used in these experiments were similar to that described in Chapter 3, so only a
brief description is provided here. Two-colour ratio pyrometry was employed to measure the surface
temperature of the heated models. Shock layer emissions were measured using ultraviolet emission
spectroscopy, with the same components and physical layout shown previously in Figure 3.5, with the
addition of a 29.7 mm diameter aperture placed immediately in front of the concave mirror. A 600
lines/mm grating was angled to allow observation of wavelengths from approximately 350–480 nm in
first order. This wavelength region includes emissions from the CN Violet, C3 Swings, and C2 Swan
bands. The camera exposure time was 20 µs with a gain of 220, and the entrance slit was set to 50 µm.
A Shimadzu HPV-1 high speed camera recorded each experiment and allowed verification that the
spectrometer was exposed during only the steady test time.
4.3.2 No-Flow Test
Spectral measurements of the heated model were initially taken without any flow in order to observe
sublimation in isolation. Fig. 4.6 shows a spectrum averaged near the surface of a model heated with
maximum power settings at 2 kPa ambient pressure. A clear signal from C2 was observed, indicating
that the model was subliming and producing unstable species such as C3 which rapidly broke down
into C2. The C3 Swings band itself was not observed, which is not altogether unexpected because it
is not considered to be a strong radiator. The model also reacted with the ambient air to produce CN.
A species suspected to be CH was present, which may be due to a small amount of volatile material
or impurities within the graphite. There is also a large amount of continuum radiation, attributed to
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either the nearby solid surface or the presence of particles.
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Figure 4.6 Averaged spectrum near surface with no flow at 2 kPa.
4.3.3 Results with Expansion Tunnel Flow
The four test cases that were used in this study are listed in Table 4.3. The temperatures shown
in Table 4.3 for the heated cases were averaged near the front of the model, with the uncertainty
estimated based on the variation between results from the R/G, R/B, and G/B ratios. The R/G colour
map for the subliming graphite case from the TCRP analysis is shown in Figure 4.7. For the heated
cases, the power supply was raised to the desired setting as fast as the control servo allowed and
held for approximately 5 s before firing. The cold graphite and aluminium models were at room
temperature. It should be noted that the highest surface temperature of 3290 K is much lower than the
theoretical maximum of 3600 K predicted in Section 4.1. This is likely because the predictions did
not account for energy loss due to phase change of the material.
Table 4.3 Measured wall temperatures and power settings for each test case.
Case Number Model Wall Temperature (K) Voltage (V) Current (A) Shot ID
1 Aluminium 295 ± 5 - - x2s2632
2 Cold graphite 295 ± 5 - - x2s2631
3 Hot graphite 2520 ± 140 12.0±0.5 250±10 x2s2630
4 Subliming graphite 3290 ± 50 22.5±0.5 450±10 x2s2629
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An example image from the UV spectrometry is shown in Figure 4.8 for the subliming graphite
case. The shock front, boundary layer edge, and model edge can be seen and are labelled. Increased
emissions are observed in the boundary layer due to ablative species. For the subliming graphite
model only, continuum Planck radiation from the solid surface is seen downstream of the edge.
The emission spectra for all four cases, spatially averaged within the boundary layer from
the model surface to 0.23 mm upstream, are shown in Figure 4.9. CN emissions are observed for all
models and were minimal for aluminium, increased for the cold graphite model, reached a maximum
for the 2520 K case, and then reduced for the 3290 K case. This was an unexpected result, as it was
thought that CN emissions should continue to increase with surface temperature. It is possible that
this result is due to CN production reaching the diffusion-limited regime, with the apparent reduction
simply a result of shot-to-shot variation (typically 10−20% [78, 79]). This is difficult to determine
conclusively without repeats of the experiments. Another possibility is that the CN signal was blocked
due to the presence of spallated particles, which were clearly observed in greater amounts for the
3290 K case, and can be seen in Figure 4.10.
In addition to CN, a small amount of radiation from N +2 was observed and did not vary
significantly between cases. There is also contamination present in the spectrum corresponding to Fe,
Al, and Ca. The only unique feature in the spectrum for the 3290 K case is the presence of grey body
continuum radiation. This is likely due to spatial blurring in the image of the nearby solid surface;
however, it could also be due to the presence of particles. No emissions from C3, C2, or any other
new chemical species were observed.
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Figure 4.8 Calibrated spectral data for subliming model case.
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Figure 4.10 Spallation from surface (brightened for visibility).
4.4 Discussion
Shock layer emissions from sublimation species were not observed in these experiments. It is unsur-
prising that C3 Swings radiation was not measured, as C3 is not known to be a strong radiator and
does not have clearly distinguishable spectral lines. Furthermore, it is known to rapidly break down in
the hot shock layer and the wavelength region where it would appear is contaminated by very strong
lines from Al and Ca. This result was expected and was the reason for selecting a wavelength region
which included the C2 Swan bands.
Emissions from C2 were expected as it is a reasonably strong radiator and should be formed in
large amounts due to the rapid breakdown of C3. This was indeed the case for the no-flow measure-
ment, where C2 emissions were observed with a similar signal strength to CN. With the expansion
tunnel experiment, however, there was no discernible signal from C2. This could simply result from
C2 being rapidly destroyed due to the high shock layer temperatures; however, it is thought that there
may not have actually been a significant amount of sublimation occurring during the experiment to
begin with. Although sublimation is normally expected to dominate mass loss above 3000 K, it ap-
pears to be suppressed by the high pitot pressure of this condition (115 kPa). For example, consider
Figure 4.11 by Candler [88] which shows the equilibrium composition of a carbon-air mixture at at-
mospheric pressure. It can be seen that at 3300 K the equilibrium C3 mass fraction is around 10
−2. In
fact it can be seen from the blowing parameter B′ that accelerated mass loss due to sublimation is not
expected until approximately 3600 K. This pressure dependence could explain why sublimation was
observed in the 2 kPa no-flow test and not for the 115 kPa expansion tunnel test. Another possibility
is that C2 is quickly destroyed due to the high shock layer temperatures.
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Figure 4.11 Equilibrium composition at carbon surface in atmospheric air (from Candler [88]).
Although these experiments were unsuccessful in their initial goal of observing sublimation
species during an expansion tunnel test, they do provide interesting avenues of further exploration. In
particular, the lack of sublimation at these very high temperatures can potentially be exploited. As was
discussed in Chapter 2, there are many discrepancies and unknowns regarding the high temperature
oxidation and nitridation behaviour of graphite. One reason for this is that it is generally difficult to
decouple the effects of sublimation when studying these surface processes. With large shock layer
pressures to suppress sublimation, however, there is the potential to study oxidation and nitridation in
isolation.
4.5 Conclusions
An enhanced method for expansion tunnel testing over a more comprehensive range of temperatures
has been developed and tested. Model temperatures up to 3300 K were achieved and it was demon-
strated that the copper electrodes could maintain integrity for long enough to conduct experiments in
impulse facilities. UV spectrometry measurements targeting sublimation species were made during
expansion tunnel testing and also with no flow at 2 kPa ambient pressure. Emissions from C3 and
C2 were not observed during expansion tunnel tests; however, C2 was successfully measured with
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no flow. It is believed that sublimation processes are suppressed by high pitot pressures. CN emis-
sions were unexpectedly observed to be lower at 3290 K than 2520 K. The cause of this could not be
conclusively determined.
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Carbon Ablative Shock Layer Radiation with
High Surface Temperatures
Reproduced entirely from a paper published in the Journal of Thermophysics and Heat
Transfer:
Lewis, S., James, C., Morgan, R., McIntyre, T., Alba, C., and Greendyke, R., “Carbon Ablative
Shock-Layer Radiation with High Surface Temperatures,” Journal of Thermophysics and Heat
Transfer, Aug. 2016 (advance online publication).
See Publications During Candidature in the preamble of this thesis for a statement of the author
contributions to this paper. Some minor changes were made to the as-published paper for the
purposes of inclusion into this document, and are detailed in Appendix A.
5.1 Abstract
Despite the prominence of carbon-based materials for use in thermal protection systems, much uncer-
tainty remains in predicting thermochemical ablation rates at high surface temperatures. To address
this issue, experiments using preheated graphite models with surface temperatures up to 3300 K were
conducted in the X2 expansion tunnel at the University of Queensland. Calibrated shock layer emis-
sion measurements in the wavelength region from 353 to 391 nm were taken to observe the effect
of surface temperature on radiation from the CN violet ∆v = 0 and ∆v = +1 bands. Numerical
simulations were conducted using US3D with modified Park as well as Zhluktov and Abe surface
thermochemistry models. Lines of sight extracted from the flowfield data were simulated in NEQAIR
to reproduce the experimental radiance profiles. It was found that the experimental CN radiance
showed no significant dependence on surface temperature, whereas the numerical simulations pre-
dicted a monotonic increase with temperature for all surface models. Several potential mechanisms
for these discrepancies have been identified and discussed.
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5.2 Introduction
Carbon-based materials are commonly used for the thermal protection systems of reentry vehicles due
to their high heat capacity and ablative properties. Yet, there remains much uncertainty in predicting
carbon ablation rates at high surface temperatures where a number of complex surface thermochem-
ical processes may be occurring such as oxidation, nitridation, and sublimation. Accurate modeling
of these phenomena is critical to minimize uncertainties, reduce excess weight, and increase safety.
Because of the high costs associated with in-flight testing and the difficulty of mounting precision
instruments and advanced diagnostics on flight vehicles, ground-based experiments stand as a cost-
effective method for reducing modeling uncertainties.
Ablation testing is generally conducted in long-duration facilities such as arc jets [12, 44, 46,
68–70], which are suitable for investigating the in-depth material response due to their ability to
provide representative heating rates for extended periods. They are, however, unable to reproduce
a realistic in-flight shock layer due to low Reynolds numbers and, depending on the facility type, a
high degree of thermal and chemical nonequilibrium in the freestream. In contrast, impulse facilities
such as shock tubes and their variants are well suited to reproducing realistic flight conditions with
freestreams that are a closer match for flows dominated by binary processes in terms of Reynolds
number, temperature, and chemical composition. However, because of their extremely short test
times, ranging from the order of 10 µs to several milliseconds, they are unable to aerothermally heat
test models up to representative in-flight temperatures or recreate the quasi-steady heat and mass flux
balance of flight.
A method for electrically preheating reinforced carbon-carbon samples to temperatures ap-
proaching 2500 K was recently applied by Zander et al. [25] to allow hot-wall testing in impulse
facilities. It was shown that surface thermochemistry was significantly promoted and that the effects
could be observed within the available test time of an impulse facility. This technique does not create
the true mass and enthalpy flux balance representative of the quasi-steady ablative cooling of flight,
but it does provide the correct thermal boundary condition at the wall so that surface thermochemical
processes may be studied. This methodology was implemented by Lewis et al. [89] to investigate
the nitridation process by observing shock layer CN emissions with pure graphite models heated to a
number of surface temperatures from 1770 to 2410 K. CN emissions were seen to steadily increase
inside the boundary layer with surface temperature, whereas numerical simulations by Alba et al. [80]
predicted relatively constant levels for all considered surface models within this temperature range.
This study continues from the previous work by the authors with further measurements and simula-
tions in an extended temperature range up to a maximum of 3300 K. These new results will be merged
with prior data to view overall trends in the temperature range from 1770 to 3300 K. Additional nu-
merical simulations will be conducted within this extended range for several surface reaction models.
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The aim of this study is to use the preheating technique to produce a large experimental data set and
compare the results with a variety of surface reaction models, for the purpose of improving the current
understanding of surface thermochemistry. Potential mechanisms for any discrepancies between the
experimental data and numerical predictions will be identified and discussed.
5.3 Experimental Description
The following sections describe the test facility and instrumentation used in this study. The experi-
mental methodology is very similar to the authors’ previous work [89]; therefore, only a summary is
provided here, and readers are referred to the prior paper for further details.
5.3.1 Facility and Test Condition
Experiments were conducted in the X2 superorbital expansion tunnel at the University of Queens-
land (UQ). This facility is capable of providing representative reentry flow environments for use with
subscale test models, with a typical steady flow time ranging from 10 to 100 µs, depending on the
condition [90, 91]. This study used the same flow condition as Zander et al. [25], with facility fill
pressures, measured shock speeds, and cone-head pressure (see Gildfind [77]) as shown in Table 5.1.
The freestream flow properties, including species mass fractions, are shown in Table 5.2. It is assumed
that the gas is in thermal and chemical equilibrium at its final expanded state, and its properties are
calculated using NASA’s Chemical Equilibrium with Applications (CEA) database [64]. The equilib-
rium assumption is made because the test gas is never stagnated during its processing and therefore
does not experience sufficient temperatures for large amounts of dissociation. In an expansion tube,
the test gas reaches its highest temperature in the shock tube, and as it unsteadily expands into the
lower pressure acceleration tube and nozzle, the test gas is always cooling down. There may be some
degree of nonequilibrium within the freestream due to effects such as chemical freezing through the
nozzle; however, a detailed account of this would require a dedicated investigation and is beyond the
scope of the present study. Regardless, this work is focused on the near-surface region where the flow
is likely to be at or very near to equilibrium conditions.
5.3.2 Test Model
The test model was a half-cylinder with 50 mm outer diameter, 46 mm inner diameter, and 10 mm
width, and it was oriented with the curved surface facing into the flow. The material used for all test
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Table 5.1 Test condition fill pressures and measured quantities.
Parameter Value Gas
Reservoir fill pressure (MPa) 6.85±0.05 Air
Driver fill pressure (mBar) 928±2 80% He, 20% Ar
Shock tube fill pressure (mBar) 30±2 Air
Acceleration tube fill pressure (Pa) 10±3 Air
Primary shock speed (km/s) 4.1±0.1 -
Secondary shock speed (km/s) 8.4±0.2 -
Cone-head pressure (kPa) 8.3±0.8 -
Table 5.2 Calculated test condition freestream properties.
Parameter Value
Total Enthalpy (MJ/kg) 38.2
Pressure (Pa) 847
Temperature (K) 2040
Velocity (m/s) 8500
Density (kg/m3) 1.45 × 10−3
yN2 0.751
yO2 0.225
yNO 8.53 × 10−3
yCO 1.26 × 10−5
yCO2 4.65 × 10−4
yAr 0.013
yO 2.37 × 10−3
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models was GM-10 grade isotropic graphite manufactured by Graphel, LLC. The methodology im-
plemented by Zander et al. [25] for electrically preheating carbon models was employed. In previous
tests [89], the electrical supply settings were limited to approximately 10.75 V and 250 A, providing
maximum surface temperatures of 2450 K with this model material and geometry. To overcome this
limitation, a new power supply was sourced and tested [92]. The power source is a low-ripple dc
rectifier capable of supplying up to 22.5 V and 1500 A, with the voltage controlled by a motorized
variable autotransformer. A maximum of 500 A could be supplied at 22.5 V due to the resistance
of the models, resulting in a surface temperature limit of approximately 3300 K. Before each test,
electrical power was gradually increased to the desired level and held for approximately 5 s before
firing. The graphite model is destroyed by the posttest flow, and so a new model was used in each
experiment.
Surface temperature measurements were achieved using a Canon 400D digital single-lens re-
flex (DSLR) camera, which was calibrated to perform two-color ratio pyrometry as described by Zan-
der et al. [25]. Table 5.3 shows the wall temperatures averaged near the stagnation point for the tests
considered in this study, along with the electrical settings as noted from the power supply’s meters.
These measurements were all taken immediately before firing the facility. The temperature measure-
ments were not always successful due to either image saturation or insufficient signal-to-noise ratio.
In these instances, the temperature has been estimated based on other cases with similar electrical
supply settings. It should be noted that many cases in this study were previously not considered due
to having a relatively high amount of Fe emissions compared to CN in the near-surface region. In this
study, however, two additional cases are considered that used cold-wall aluminum models to establish
a baseline emission level for subtraction. Previously, this subtraction was not conducted because there
appeared to be too much variation in contamination levels; however, a method that accounts for this
variation has now been implemented. This subtraction allows inclusion of the additional previously
unused cases to assist in determining overall trends and identification of outliers. Numerical simula-
tions were conducted for eight of the cases, and those that were selected are indicated in Table 5.3.
It should be noted that many cases in this study were previously not previously considered by the
authors [89, 93].
5.3.3 Ultraviolet Spectrometer
Measurements of shock layer emissions were performed using an Acton Research Spectra Pro 2300i
spectrometer coupled with a PIMAX image-intensified charge-coupled device (ICCD) camera. A
1800 lines/mm grating was angled to allow observation of wavelengths from approximately 353 to
391 nm in first order. This wavelength region corresponds to the CN violet ∆v = 0 and ∆v = +1
emission bands. The camera exposure time was 15 µs, triggered during the steady test time, and
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Table 5.3 Measured wall temperature and power settings for each test case.
Case Temperature (K) Voltage (V) Current (A) Source Simulated Shot ID
1 1740±150 5.2±0.25 130 ± 5 This study No x2s2598
2 1770±180 5.1±0.25 130±5 Lewis et al. [89] Yes x2s2587
3 1880±110 4.9±0.25 130±5 This study No x2s2597
4 1920±180* 6.3±0.25 155±5 Lewis et al. [89] Yes x2s2586
5 2170±180 8.3±0.25 210±5 Lewis et al. [89] Yes x2s2585
6 2250±100 8.5±0.25 210±5 This study No x2s2590
7 2410±200 10.9±0.25 250±5 This study No x2s2581
8 2410±280 10.5±0.25 250±5 Lewis et al. [89] Yes x2s2584
9 2470±160 10.5±0.25 250±5 This study No x2s2588
10 2530† 10.9±0.25 270±5 This study No x2s2583
11 2610±140 12.0±0.5 300±10 Lewis et al. [93] Yes x2s2625
12 2760±180 13.5±0.5 350±10 Lewis et al. [93] Yes x2s2624
13 2810±100 14.0±0.5 350±10 This study No x2s2622
14 3190† 20.0±0.5 450±10 This study No x2s2618
15 3190±100 20.0±0.5 450±10 Lewis et al. [93] Yes x2s2619
16 3280±100 22.5±0.5 500±10 This study No x2s2612
17 3280±100 22.5±0.5 500±10 Lewis et al. [93] Yes x2s2621
18 3290±100 22.5±0.5 500±10 This study No x2s2616
19 3300±100 22.5±0.5 500±10 This study No x2s2615
20‡ 300±10 - - This study No x2s2579
21‡ 300±10 - - This study No x2s2580
* Measurement from another test with same electrical supply settings but no spectrometer data
due to pre-triggering
† Estimated based on measurements for other cases in table with similar power settings
‡ Cold wall aluminum model for establishing baseline contamination levels
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the gain was set to 220. The spectrometer entrance slit width was 50 µm, and the instrument func-
tion was found to be well reproduced by a 0.15 nm full width at half-maximum (FWHM) Gaussian
function [80].
Shock layer emissions were captured by a 50 mm-diam concave mirror and directed through
a series of flat turning mirrors before forming an image on the spectrometer entrance slit. The system
had a magnification of 1.0 and f-number of 10. The flow is viewed from a direction normal to the stag-
nation line, with the stagnation line itself lying within the focal plane. A calibration was conducted
to convert the raw spectral data, measured in the arbitrary unit “counts”, into spectral radiance. To
accomplish this, a Labsphere CSTM-LR-2Z-4 with known spectral radiance profile was positioned
in place of the model and an image recorded with the spectrometry system. This then allows a pixel-
by-pixel calibration of the experimental data. The background was removed from each image before
calibration by taking an average within a region outside of the ICCD’s fiber optic bundle and sub-
tracting this value from the whole image. Past studies [78, 79] have shown a 10-20% shot-to-shot
variation in measured spectral radiance values, and the measurements themselves have an estimated
±8% error associated with the calibration process. This leads to an estimated ±22% relative error in
spectral radiance values. Uncertainty in radiance varies between 31 and 33%, depending on spatial
location, and is based on the cumulative error in each integration step of the spectral radiance.
5.3.4 High-Speed Video
A Shimadzu HPV-1 high-speed camera was used in each test to determine the timing of the spectrom-
eter camera’s exposure with respect to shock arrival, flow stabilization, and the end of the steady test
time. It recorded the postshock luminosity around the model from the top of the test section using a
flat turning mirror. A frame rate of 500 kHz allowed all stages of flow development to be observed
with a total recording time of 202 µs.
5.4 Numerical Simulations
The following sections will describe the computational fluid dynamics (CFD) and radiation solvers
used to compute the simulated results and how those compare with the experimental measurements.
Full details of the simulations have been described previously [80], and so only an overview is pro-
vided here.
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5.4.1 Computational Fluid Dynamics Solver
The mean flow is computed using the US3D [94] CFD solver. The domain was a quarter-volume of
the half-cylinder, with 200 grid points in the wall-normal direction and a total of 5.5 million cells.
This was deemed sufficient based on a previous grid-sensitivity analysis [80]. The thermal state of
the gas was assumed to be in nonequilibrium and follows Park’s two-temperature (T − Tv) model [3].
Thermodynamic functions for individual gas species are calculated using the NASA CEA database.
The mixture transport properties of viscosity and thermal conductivity are calculated according to the
Gupta et al. mixing rule [4], and the evaluation of the collision integrals for air species are obtained
through the recommended evaluation methods given by Wright et al. [95]. The species mass diffusion
fluxes are modeled using Fick’s law, with the diffusion coefficient calculated by assuming a constant
Lewis number equal to 1.4. A 20-species, 40-reaction finite-rate Johnston et al. [96] chemistry model
for air that includes carbon species for the ablation products was used due to the high freestream
enthalpy and velocity. The Johnston et al. [96] chemistry model has been shown to provide better
comparison to experimental nonequilibrium shocklayer radiation measurements than the well known
Park et al. [97, 98] model [80]. The species considered in the model are N2, O2, NO, CO2, CO, C2, C3,
CN, NO+, N+2 , O
+
2 , CO
+, Ar, C, N, O, N+, O+, C+, and e−. The simulations were run as steady-state,
which has previously been shown as valid for these experiments [80].
5.4.2 Air-Carbon Ablation Boundary Condition
Two of the more commonly used air-carbon surface models in the literature are attributable to Park
(given in Chen and Milos [29]), and Zhluktov and Abe (ZA) [36]. The surface reactions and Ar-
rhenius rate parameters involved in the Park model are shown in Table 5.4. The surface reactions
are characterized by a reaction efficiency γi and an activation energy Ei. Following the convention
developed in Marschall and MacLean [99], (s) represents an open surface or bonding site, and (b)
represents the bulk form of a material, such as C(b) for bulk carbon. The Park model reaction set con-
tains irreversible carbon oxidation by atomic and molecular oxygen, irreversible nitridation of carbon
by atomic nitrogen, and C3 sublimation.
Table 5.4 Park [29] model surface reactions and Arrhenius rate parameters.
No. Reaction γi Ei (kJ mol−1)
(1) O + (s) + C(b)→ CO + (s) 0.63 9.644
(2) O2 + 2(s) + 2C(b)→ 2CO + 2(s) 0.50 0
(3) N + (s) + C(b)→ CN + (s) 0.30 0
(4) 3(s) + 3C(b)→ C3 + 3(s) 5.19 × 1013 775.81
(5) C3 + 3(s)→ 3(s) + 3C(b) 0.10 0
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The Park ablation model shown in Table 5.4 was found to significantly overpredict CN radi-
ance values in a previous study for the lower surface temperatures [80]. Alba et al. [80] suggested
modifying the nitridation efficiency with an expression developed by Suzuki et al. [55] given by:
γN = 8.441 × 10−3 exp
(
−2322
T
)
(5.1)
Overall, the Park ablation model with a modified nitridation efficiency demonstrated better
agreement with experimental results than the Park model with a nitridation efficiency of 0.3. In this
work, results will be presented only using the Park ablation model with the nitridation efficiency
specified by Equation (5.1).
The finite-rate ZA model involves 12 surface reactions with defined forward and backward
rates that are thermodynamically constrained. The air-carbon ablation boundary condition using the
ZA model was implemented in US3D by Candler [88]. The approach involves solving for the surface
coverage (number of adsorbed N and O atoms on the available surface sites), and then computing the
rate of formation of gas-phase species through competing kinetics-based processes [88]. The initial
empty surface site concentration was set to 5.8 × 10−8 kmol/m2 [36]. The ZA model makes use of
different reaction types besides Arrhenius that include Eley-Rideal (ER) and adsorption/desorption.
The reactions included in the ZA model are shown in Table 5.5.
Table 5.5 Zhluktov and Abe [36] model surface reactions and rate parameters.
No. Reaction Type γi / Ai βi Ei (kJ mol−1)
(1) O + (s)↔ O(s) Adsorption 1.0 0 0
(2) N + (s)↔ N(s) Adsorption 1.0 0 0
(3) 2O(s)↔ O2 + 2(s) Arrhenius 3.58 × 1013 1 256.07
(4) O2 + (s)↔ O + O(s) ER 1.0 0 118.06
(5) CO2 + (s)↔ CO + O(s) ER 0.9 0 0
(6) O(s) + C(b)↔ CO + (s) Arrhenius 2.08 × 109 1 332.56
(7) O + O(s) + C(b)↔ CO2 + (s) ER 0.8 0 16.63
(8) 2O(s) + C(b)↔ CO2 + 2(s) Arrhenius 3.58 × 1017 1 332.56
(9) C + (s)↔ (s) + C(b) ER 0.24 0 0
(10) C2 + 2(s)↔ 2(s) + 2C(b) ER 0.5 0 0
(11) C3 + 3(s)↔ 3(s) + 3C(b) ER 0.023 0 0
(12) N2 + (s)↔ N + N(s) ER 1.0 0 636.85
A major difference in the ZA model from the Park model is that surface reactions are al-
lowed to take place in both the forward and reverse directions, with the preferred direction dependent
upon the kinetic rates and equilibrium constants of each reaction. In addition, the surface reaction
equilibrium constants are dependent on gas phase equilibrium constants, and thus there is a coupling
between the gas-phase kinetic model and the surface boundary condition [88]. Recently, the addition
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of a nitridation mechanism for the ZA model was proposed [100], and it was recommended to use the
nitridation reaction specified as an ER recombination process:
N + (s) + C(b)←−−→ CN + (s) (5.2)
with rate parameters given as γnit = 0.36 and Enit = 36.86 kJ mol−1. The numerical predictions
presented in this work will use both the baseline ZA model and the ZA model augmented with a
nitridation mechanism.
5.4.3 Radiation Solver
The computational radiation predictions use the Nonequilibrium Air Radiation (NEQAIR) code ver-
sion 13.2 [101]. All NEQAIR results used a non-Boltzmann distribution (quasi-steady-state method [3])
for the population of excited electronic states. The CN violet bands were considered for the NEQAIR
calculations since these were the primary radiative transitions measured in the experiments.
Radiance comparisons are made between the spectrometer measurements and the NEQAIR
results. The radiance is defined as the radiative flux emitted per unit of observed area and was cal-
culated by integrating the spectral radiance between the wavelength range of 353–391 nm. The post-
shock flow quantities computed by US3D are extracted from the volumetric solution corresponding
to the experimental line of sight. The experimental line of sight is normal to the stagnation stream-
line and captures the radiation emitted from the surface out to the shock. Therefore, multiple slice
extractions were performed along the stagnation streamline, which provided radiance predictions as
a function of wall-normal distance.
A direct comparison of the radiance measured in the experiment and that predicted by NEQAIR
is not completely accurate because there are instrument limitations [102]. There are spatial resolution
constraints and charge smearing effects that broaden the measured spectral profile. As was done pre-
viously by the authors [80], the broadening is accounted for by convolving the predicted radiance
computed by NEQAIR with a spatial resolution function (SRF). The SRF for the X2 optical setup
was not well-characterized, and so a convolution function from NASA’s EAST facility was chosen
that matched the optical system used for these experiments. Note that, although this SRF has been
shown to match experimental trends remarkably well [80], it is only an estimate.
Section 5.5 - Results 77
5.5 Results
5.5.1 Near-Surface Spectra
Sample normalized experimental and numerical near-surface spectra are compared in Figure 5.1. The
cumulative integral is also shown and has been normalized by the numerical case. The experimental
spectra were averaged from 16 adjacent rows of the calibrated image, corresponding to a region from
the stagnation point to 0.39 mm upstream. The numerical spectrum was similarly averaged across
several lines of sight corresponding to the same region. CN violet emission lines are the dominant
features for all cases, with some additional peaks corresponding to Fe, which is a known contaminant
within the X2 facility.
It was found that, for all experimental cases and numerical simulations, the relative heights
of the CN peaks did not vary noticeably which indicates that the effective observed CN temperature
is not sensitive to surface temperature. This implies that the location of peak CN concentration may
not be immediately adjacent to the wall, but at some finite distance upstream. This is consistent with
previous numerical simulations [80] where, for most surface models considered, there was an initial
CN mass fraction peak at the surface which quickly dropped with distance until 0.2 mm upstream
where a second peak occurred. This second peak location accounted for the majority of the CN.
The gas temperature at this distance was predicted to be above 6000 K which is significantly higher
than all considered surface temperatures. This would explain why the spectral shape does not change
noticeably with surface temperature in the experiments.
The amount of Fe radiation varied between shots and the two experimental curves in Figure 5.1
are indicative of the full range of relative contamination seen near the surface. It can be seen from
the cumulative integrals that the presence of Fe contamination in the experiments could result in the
integrated radiance values being approximately 20−60% higher in the near-surface region. In other
upstream regions of the flow where CN is not as dominant, the contribution from Fe would be even
greater. It is clear that this contribution must be accounted for in any comparisons.
5.5.2 Radiance Profiles
Example radiance profiles, integrated from 353 to 391 nm, are shown in Figure 5.2, with the corre-
sponding numerical predictions overlaid. All profiles show a maximum radiance near the surface,
corresponding to higher concentrations of CN. To view overall trends, this near-surface peak value
is plotted in Figure 5.3 for all experimental and numerical cases. As can be seen, the experimental
peak radiance generally increases from 1770 to 2410 K, before reducing and remaining approximately
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Figure 5.1 Near-surface spectra comparison.
constant from 2610 to 3280 K. This runs contrary to the numerical simulations, which all predict a
monotonic increase with surface temperature. There are some problems, however, with simply using
the peak radiance for comparisons. As previously mentioned, the numerical SRF is only an estimate
and may not precisely match the experiments. Further, it is possible that the effective experimental
SRF could vary somewhat on a shot-to-shot basis due to small differences in focusing quality. More
critical, however, is that the experiments clearly show elevated levels of emissions within the inviscid
shock layer and even in the freestream due to flow contamination. This phenomenon is not captured
in the simulations, and so any additional radiance in the experiments from this should not be included
in the comparisons.
To establish the baseline level of contamination, radiance profiles from two measurements
using cold-wall aluminum models are presented in Figure 5.4, alongside some representative heated
graphite cases. It can be seen that the aluminum cases do not have the same near-surface peak as with
a heated graphite model; they do, however, have the same upstream features within the inviscid shock
and freestream. The level of emissions in the shown heated cases are all different from the baseline
aluminum; however, there does not appear to be any discernible relationship to surface temperature. It
seems that the level of contamination simply changes between shots by around ±50%. Because of this
large amount of variation, it would not be sufficient to take a “nominal” baseline radiance profile and
subtract this from all cases. Instead, an approach that is tailored for each individual case is required.
The proposed method assumes that, although the absolute level of contamination varies, the shape of
its radiance profile remains similar. The two aluminum baseline curves are averaged and then scaled
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(a) Case 2 (Tw = 1770 K).
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(b) Case 8 (Tw = 2410 K).
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(c) Case 12 (Tw = 2760 K).
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(d) Case 17 (Tw = 3280 K).
Figure 5.2 Example comparisons of CN radiance as a function of stagnation streamline wall-normal distance.
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Figure 5.3 Peak radiance comparisons.
for each heated carbon case to match the nonequilibrium region peak height and then subtracted. It
can be seen in Figure 5.5(a) that the subtraction appears to satisfactorily remove the contribution of
contamination to the radiance profile.
To facilitate a better comparison between the experiments and numerical simulations, three
metrics were chosen. These are evaluated by integrating particular regions of the radiance profiles
to isolate and then compare the effect of a particular phenomenon between cases. By integrating the
profiles, the influence of any potential differences in the spatial resolution function can be minimized.
This approach is based on the work conducted by Brandis et al. [102]. The chosen metrics assess the
surface chemistry, nonequilibrium region contamination, and freestream contamination, with integra-
tion regions as shown in Figure 5.5. The surface chemistry metric is used as a comparison between
the simulations and experiments and is evaluated by taking the integral of the numerical or baseline-
subtracted experimental radiance profile from the near-surface peak to the location upstream where
the radiance has reached half of the peak value. The integral is not taken in the downstream direction
because the numerical evaluation stopped at the surface, and the radiance here is above the FWHM.
The freestream and nonequilibrium contamination metrics assess the relative severity of contamina-
tion for each experiment and will be considered in the discussion to evaluate possible reasons for
any discrepancies. This is because, although the radiance contribution of contamination appears to
be satisfactorily removed by baseline subtraction, there may still be some interaction and coupling
effects. The freestream contamination metric is found by integrating the measured (i.e., not baseline-
corrected) radiance profile from 2.6 to 2.9 mm upstream of the surface, whereas the nonequilibrium
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Figure 5.4 Aluminum baseline measurements compared to sample cases.
contamination metric is the integral of the region spanning ±0.3 mm from the nonequilibrium peak.
Note that, because of optical smearing in the spatial dimension, there is a degree of cross-talk between
these metrics; however, the comparisons should still be useful for determining overall trends.
The surface chemistry metric results are shown in Figure 5.6. Overall, the trends appear
similar to the peak radiance comparison in Figure 5.3; however, there are some notable differences.
There is an overall downward shift of the experimental results relative to the numerical predictions.
Additionally, any variation of the experimental results with surface temperature is no longer as pro-
nounced. In fact, it appears overall that the surface chemistry metric remains approximately constant
over the entire temperature range with some outliers, particularly case 8 (2410 K), which is signif-
icantly higher than the others. This is the same case that was shown in Figure 5.2(b), where high
levels of contamination are clearly evident. All numerical predictions follow the same trend as in
Figure 5.3, whereby they predict a monotonic increase with surface temperature that is not reflected
in the experiments. There does, however, appear to be a good agreement for both the ZA models up
to approximately 2500 K.
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Figure 5.5 Integration regions of experimental and numerical radiance profiles for comparison metrics.
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Figure 5.6 Surface chemistry metric comparisons.
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5.6 Discussion
At the highest surface temperatures, the experimental measurements differ from numerical predictions
both in terms of absolute level and trends. One possible reason is that, although the direct contribu-
tion from contamination appears to have been satisfactorily removed from the radiance profile, there
may still be some kind of coupling that influences the results. Another potential explanation for the
discrepancies at high surface temperatures is that the test flow condition could have been altered as
a result of the model heating process. It was observed that the acceleration tube and test section
pressures increased during the preheating process, likely due to the injection of carbon species and
an increased gas temperature. This higher effective fill pressure in the test section would result in a
reduced test flow velocity. It was thought that this effect would become more significant at higher sur-
face temperatures and could potentially explain the differences in behavior between the experiments
and simulations above 2500 K. The significance of this effect can be quantified by measurements
of the secondary shock speed, which were taken for each test by measuring the time delay between
shock arrival at different wall-mounted pressure transducers along the facility.
To gain a better global understanding of the influence and severity of these identified factors
(contamination and reduced secondary shock speed) on the results, the correlation plot shown in
Figure 5.7 was produced, which compares surface temperature, peak radiance, surface chemistry
metric, nonequilibrium and freestream contamination metrics, and secondary shock speed (“AT”). In
this figure, all pairs of parameters are plotted against each other so that potential relationships can
be identified. Note that all variables here have been normalized except for surface temperature and
shock speed. The Pearson product-moment correlation coefficient value is shown for each pair of
parameters and is an indication of the strength or weakness of a linear correlation between them.
This is similar to the more well-known R2 value; however, it distinguishes between positive and
negative relationships. A value of 1.0 corresponds to a perfect positive linear correlation, 0 indicates
no correlation, and −1.0 indicates a perfect negative linear correlation. Histograms are also presented
along the diagonal, which show the distribution of each individual parameter. Note that, although the
relationships between the variables are almost certainly not linear in reality, there does not appear to
be any reason to believe that a different type of fit would be more appropriate for these qualitative
comparisons.
It can be seen that the peak radiance and surface chemistry metrics are both highly correlated
with each other and with the contamination metrics. The surface chemistry metric does have a no-
ticeably reduced correlation with contamination compared to the peak radiance; however, it is still
large enough to indicate a possible coupling between the contamination levels and the amount of CN
production. It is thought to be more likely, however, that the correlation does not necessarily imply
significant coupling but instead a common cause (i.e., variation in the flow condition). For example,
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Figure 5.7 Correlation plot of surface temperature (“Temp”), peak radiance (“Peak”), surface chemistry met-
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a test with a higher postshock pressure could result in increased absolute radiance levels through the
freestream, nonequilibrium, and near-surface regions. As discussed previously, the variation in spec-
tral radiance measurements within the X2 facility from shot to shot has been estimated ±20%. This
uncertainty has been included in the results, and indeed there are no definitive outliers once error has
been taken into account.
Although the secondary shock speed has no strong correlation with any other parameter, it
does generally appear that the speeds reduce with surface temperature, albeit with a scatter that is
comparable to the measurement uncertainty. From the shock speed histogram in Figure 5.7, it can
be seen that the modal average does match the specified 8.4 km/s in Table 3.1; however, the data are
left-skewed with a mean of 8.3 km/s. The full range of measured secondary shock speeds varies from
around 8.1 to 8.5 km/s. Considering that the measurements themselves generally have an uncertainty
of 0.2–0.3 km/s, this appears to be an acceptable range. To ensure, however, that this degree of
variation would not significantly impact the results, an analysis was conducted using UQ’s in-house
code PITOT [103, 104]. In this analysis, the shock speed in the shock tube was manually set to
the nominal experimental value of 4.1 km/s (see Table 3.1), and the test section pressure was varied
until the same difference in secondary shock speed was achieved. It was found that, theoretically, a
difference of only 2 Pa was required to change the secondary shock speed by 0.3 km/s. The resulting
differences in total enthalpy and total temperature are less than ±5%, and the stagnation pressure
varies by around ±20%. Based on this analysis, it is believed that any alteration of the flow condition
due to the preheating process is insignificant compared to ordinary shot-to-shot variation, which itself
is reasonably well encompassed by the ±20% uncertainty applied to the radiation measurements to
account for it. Therefore, the differences between experimental and numerical trends above 2500 K
appear to be related to some other phenomenon.
Curiously, there is an overall negative, albeit very weak, correlation between surface tem-
perature and the two contamination metrics. This may be a consequence of reduced shock speeds;
however, it is thought that this is could also be due to an improvement in procedures over the full
course of the experimental campaign. It was noticed that, at higher temperatures around 3000 K, a
large amount of carbon residue was left coating the inside of the nozzle after a test. More thorough
cleaning procedures were subsequently employed due to this, and because the higher temperature
experiments were generally conducted later than the others, this may have resulted in the apparent
decrease of contamination. Any future testing should therefore implement more rigorous cleaning
between shots to minimize contamination.
This analysis of the data has indicated that there does not appear to be any significant rela-
tionship between the surface chemistry metric and surface temperature over the full range from 1770
to 3280 K, at least to within experimental uncertainty. This runs contrary to the numerical results,
which predict a monotonic increase in CN radiance with surface temperature. In particular, for the
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ZA models, the rate of change with surface temperature appears to accelerate around 2500 K, even
for the original ZA model with no nitridation reaction. To understand the mechanisms within the
simulations which produce these results, the predicted surface mass fluxes for cases 11 and 17 (2610
and 3280 K, respectively) will be analyzed. These are shown in Figures 5.8 and 5.9 for CO2, CO,
CN, and C as a function of the normalized surface distance measured from the stagnation point. This
distance follows the model’s horizontal centerline in the x direction, with zero corresponding to the
stagnation point, and is normalized by the outer radius of the model. For all considered surface tem-
peratures, the modified Park model has CO and CN production but does not allow for C to recombine
at the surface. The ZA model, with or without nitridation, is unique in that the dominant oxidation
processes are dependent on the surface temperature. At 3280 K, CO production is the dominant ox-
idation mechanism, with a small amount of CO2 also produced. At 2610 K, CO2 is the dominant
oxidation mechanism, with CO consumed at the surface. In addition, both variants of the ZA model
allow for C to recombine at the surface, which has a significant effect on CN boundary-layer concen-
trations. The ZA model with nitridation has CN production as the dominant ablative product for these
two surface temperatures, which contributes to the larger predicted surface chemistry metric values.
It has previously been shown that higher CO concentrations lead to higher CN concentra-
tions [80]. There is a substantial jump in the CN radiances predicted by the ZA models from 2760 to
3190 K, which coincides with the observation of CO becoming the dominant oxidation product. The
increase in CN levels is likely due to a combination of these three gas-phase reactions:
CO + M ↔ C + O + M
N2 + C ↔ CN + N
CO + N ↔ CN + O
The Johnston et al. [96] gas chemistry model dissociates CO as it leaves the surface, which will make
C more readily available to react with N2 to form CN. Any leftover CO can react with N to also
form CN. At the lower surface temperatures, the ZA model consumes CO and produces CO2 at the
surface, resulting in much lower CN concentrations. Additionally, the CN radiances were higher for
the modified Park model than the ZA model with nitridation because the modified Park model does
not allow for C to condense at the surface. Note that the ZA model with nitridation had higher CN
surface mass fluxes at all considered surface temperatures. However, because larger amounts of C are
allowed to remain in the boundary layer for the modified Park model, this produces more CN due to
the gas-phase reaction N2 + C↔ CN + N.
Based on the preceding analysis, it is concluded that the bulk of the predicted CN radiance
levels and variation are resultant primarily by CO production at the surface and subsequent gas phase
reactions to produce CN. Nitridation mechanisms at the surface itself appear to be only a secondary
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Figure 5.8 Predicted species surface mass fluxes as a function of normalized distance from the stagnation
point for case 11 (Tw = 2610 K).
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Figure 5.9 Predicted species surface mass fluxes as a function of normalized distance from the stagnation
point for case 17 (Tw = 3280 K).
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source. This provides two possible explanations for the disagreement between the experimental and
numerical predictions. First, the production rates of CO at the surface could be overpredicted by the
models. Second, modifications to the flowfield reactions resulting in the formation of CN from CO
may be required. It is speculated that these differences could be a result of the much higher stag-
nation pressure (approximately 100 kPa) of this condition compared to those for which the models’
kinetic rate parameters were measured or inferred. Direct observation of CO radiation in the vacuum
ultraviolet (VUV) would be useful to provide further insight into this issue.
An interesting observation was made when analyzing the high-speed video images. Some ev-
idence of spallation was seen in most of the cases; however, it was particularly evident at the highest
temperatures. The particles appear after the flow has reached a “steady state” and gradually become
more numerous with time. Figure 5.10 shows the difference in the high-speed camera imagery be-
tween cases 11 and 17 (2610 and 3280 K, respectively). At 3280 K, a shower of tiny carbon particles
can be seen coming off the model surface. As shown by the scanning electron microscope (SEM) im-
ages in Figure 5.11, there are significant changes to the surface microstructure after heating to 3280 K,
particularly an increase in porosity. It is postulated that hot gases from the flow are occupying these
defects and mechanically breaking down the bulk carbon. It is not known how well this microstruc-
ture compares to that produced by in-flight aerothermal heating, and this is a possible explanation for
any disagreement with other studies.
(a) Case 11 (Tw = 2610 K) (b) Case 18 (Tw = 3290 K)
Figure 5.10 Comparison of high speed camera image showing spallation (brightened to improve visibility).
Previously [89], it was thought that spallation could possibly be the cause of the observed
elevated levels of CN emissions within the inviscid shock layer and freestream based on prior exper-
imental evidence [81, 82, 85]. In all of these studies, elevated CN emissions were observed signif-
icantly upstream of an ablating model. Raiche and Driver [85] proposed that particles were ejected
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(a) Before heating (b) After heating to 3280 K
Figure 5.11 SEM images comparing model surface before and after heating to 3280 K.
from the ablating surface with sufficient momentum to travel upstream and then react with the flow
there. The presence of these spallated particles was confirmed by measuring the attenuation of a laser
passing through the flow both with and without the presence of an ablating body. If this were the
explanation for the observations in the current study, however, it would be expected that emissions
within the inviscid shock layer and freestream would continue to rise for higher surface temperatures
because spallation has been shown to be temperature dependent [69]. It is, however, clear that this is
not the case and that some other phenomenon must be responsible for these observations. Currently,
it is believed that these observations are due simply to varying levels of CN and Fe contamination. It
is thought that much of this radiation would originate from the nonequilibrium region of the shock,
and because all lines of sight pass through a section of the curved shock, these elevated levels would
be measured at each spatial location.
It is possible that the presence of spallated particles is responsible for the disagreement with
numerical trends above 2500 K. Although larger radiances are expected at higher temperatures based
on the modeling, this is also accompanied by an increased spallation rate. It is clear from the high-
speed imagery that the number of particles is significant and could potentially be causing blockage
of the radiation. This is supported by the work of Raiche and Driver [85], who measured an optical
attenuation of approximately 20% for a beam grazing the surface an ablating phenolic-impregnated
carbon ablator (PICA) model. A similar measurement would need to be performed to confirm the
significance and degree of this effect for the experimental arrangement of the current study.
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5.7 Conclusions
Previous work investigating the nitridation process using heated graphite models in the X2 expansion
tunnel was extended with new testing at higher surface temperatures and the inclusion of additional
lower-temperature cases to view overall trends. Calibrated shock layer emission measurements were
made in the wavelength region from 353 to 391 nm to observe radiation from the CN violet ∆v =
0 and ∆v = +1 bands. The radiance profiles were interrogated using several comparison metrics,
and it was found that the experimentally measured CN radiance had no significant dependence on
surface temperature and that any differences could be reasonably explained by shot-to-shot variation.
This runs contrary to numerical predictions, which show a monotonic increase of CN emissions with
surface temperature for all models considered. The mechanism behind this behavior in the simulations
was determined to be related to increased CO production at the surface and subsequent gas-phase
reactions to produce CN. Measurements of CO emissions in the VUV would provide further insight
into this issue. It is possible that optical attenuation due to spallated particles is responsible for the
experimental measurements not rising as predicted above 2500 K; however, further experimentation
would be required to verify this. This study was successful in its aim of providing further insight
into surface thermochemical phenomena and has also highlighted several potential avenues of further
investigation.
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Chapter 6
Slotted Cylinder Experiments
For all experiments presented so far, the test model has been a simple hemicylindrical graphite strip.
Although this has proven to be very useful, it would be beneficial to investigate other configurations.
For example, it would be desirable to study the effect of ablation around an axisymmetric aeroshell
geometry; however, it is not possible to provide uniform resistive heating to such a body. One solution
to this problem would be to embed a heated strip into a base model constructed of a different material.
Measurements could be taken in the vicinity of the heated strip, while the base model would reduce
side-spillage, and thus produce a nominally axisymmetric flow structure in the measurement region.
Before attempting experiments with an axisymmetric geometry, the viability of the technique
of embedding a heated strip into a base model should be investigated for a simpler geometry, for ex-
ample a cylindrical configuration. This is a common configuration for fundamental studies and would
produce flowfields similar to those investigated in previous chapters, but with the three-dimensional
side spillage effects minimised. If a nominally two dimensional flow could be produced along the
strip, this has the potential to greatly simplify data analysis and also numerical comparisons.
The outcomes of the work presented in Chapters 3 to 5 have left many open questions and
avenues for further exploration. Most importantly, it was suggested that a significant portion of the
observed CN emissions were due to CO production at the surface and then subsequent gas phase
reactions to produce CN. However, as the previous tests were conducted only for an air test condition,
this effect could not be decoupled and therefore was not experimentally verified. There was also
the observation of significantly increased spallation at higher surface temperatures. It was not clear
from the high-speed imagery or spectral measurements as to what influence this had on the flowfield.
Also, it was found that sublimation processes were suppressed due to high pressures, and that surface
temperatures of around 3600 K would be necessary to study this phenomenon with the flow conditions
used previously.
In this chapter a set of experiments are presented which implemented a novel test model
configuration whereby a heated graphite strip is embedded into a steel base cylinder, in both air and
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nitrogen test flows. The aims of these experiments were to:
1. Investigate the viability and limitations of embedding a heated strip into a base model.
2. Experimentally demonstrate enhanced CN levels due to CO production.
3. Observe the effects of spallation in further detail than has been seen previously.
4. Achieve surface temperatures sufficient to observe sublimation species during a test.
6.1 Slotted Cylinder Model Design
A CAD representation of the final model design is shown in Figure 6.1, and detailed drawings can be
found in Appendix C. The cylinder has a diameter of 25 mm and width of 75 mm. This provides a
3:1 aspect ratio which was found by Eichmann [78] to produce nominally two-dimensional flow. The
cylinder was replaced after every shot either with a new cylinder, or one that had been sandblasted
to remove any post-shot fragments. The dimensions of the graphite strip are shown in Figure 6.2. It
consists of a hemicylindrical portion with 25 mm outer diameter, 10 mm width, and 3 mm thickness.
This is extended by straight arms of 20 mm length to allow the model to be clamped by the flat
electrodes without applying any unnecessary bending stress. Again, the material was Graphtek GM-
10 grade isostatically pressed graphite [87], and was machined by Graphel LLC. The strip is separated
from the steel base cylinder by gaps of 0.5 mm on the sides and 1.0 mm on the rear face. This is to
prevent short circuits through the conductive base material, and also to prevent direct heat conduction.
The use of an electrically conductive base model was necessary due to the nature of the heat-
ing process. In order to avoid the added complexity of adding a vacuum-compatible water cooling
system for the base model, the graphite strip must be rapidly heated to a desired temperature and
held for only a few seconds before firing the tunnel. Thus the base model material was selected on
the basis of its performance under rapid transient heating, rather than steady state conditions. High
temperature refractory materials such as alumina were considered during initial designs. However,
it was found that these materials generally had very low thermal conductivities which would result
in excessively high temperatures at their surface immediately adjacent to the heated strip. This also
introduced extreme thermal gradients within the material, which would cause these brittle materials
to crack. Basic mild steel was ultimately selected as it has a reasonably high thermal conductivity
and melting temperature. This allows it to act as a thermal sink and conduct heat away from the
surface before it reaches its melting temperature. The material is also relatively strong and is not
significantly damaged by diaphragm fragments in expansion tunnel post-test flows. Finally, it is in-
expensive to manufacture models from this material and therefore it was possible to produce many
spare replacement cylinders. The base model was not expected to maintain structural integrity for the
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Figure 6.1 CAD representation of slotted cylinder model.
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Figure 6.2 Dimensions (in mm) of graphite strip.
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maximum electrical heating conditions used in these tests, as even graphite itself is not stable at such
temperatures. For experiments at very high temperatures, the base cylinder was simply removed and
the graphite strip was heated and tested alone in a similar manner to previous work.
It would have been possible to use a full-width heated graphite cylinder to produce ablating
two-dimensional flow. This was considered, but ultimately not implemented. This was because the
main purpose of these experiments was to demonstrate the viability of embedding a strip, with the
future application of adapting this technique to other geometries such as aeroshells. It is also possible
to reach much higher temperatures with a narrow strip than for a full-width cylinder, due to the
significantly lower surface area and therefore reduced lower electrical power requirements to balance
radiative cooling.
The strip dimensions were chosen with the aim of achieving surface temperatures sufficient
for significant sublimation at the pitot pressures for the conditions used. As a starting point, all past
temperature measurements of the previous 50 mm hemicylindrical strip models were collated and
compared to the original theoretical predictions described in Section 4.1. It can be seen that there are
deviations for temperatures above 2800 K. This is thought to be related to energy absorption via phase
change, which has not been accounted for. At the highest voltages, the temperature is overpredicted
by approximately 300 K. Figure 6.4 shows the predicted voltage and current requirements to reach
a desired surface temperature for the new geometry, assuming the model is clamped at 5 mm from
the beginning of the curved section. As can be seen, maximum surface temperatures approaching
4000 K are predicted to occur, which is approximately 400 K higher than for the previous geometry.
It should be noted that the exact clamping location varied throughout the campaign, and so there was
not necessarily a consistent correspondence between voltage and current.
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Figure 6.3 Electrical and temperature characteristics for previous 50 mm hemicylinder model.
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6.2 Test Conditions
Two test conditions were used in this set of experiments, which will simply be referred to as the “air”
and “N2” test conditions. The fill pressures and measured quantities are detailed in Table 6.1, and
the calculated free-stream properties are shown in Table 6.2. Both utilised a scored 2.0 mm-thick
cold rolled steel plate as the primary diaphragm, and a single aluminium sheet for the secondary
diaphragm. The specific driver configuration for both conditions is labelled as “X2-LWP-2.0 mm-
0” in Gildfind [77]. Further description of the condition characterisation process can be found in
Appendix B. The air condition is the same as used in previous chapters, but the test gas was bottled
Coregas “instrument air” instead of laboratory air, and consists of 79% N2 and 21% O2 by mole
fraction and minimal trace elements such as Ar, H2O, and CO2. This was to remove all questions
about the influence of trace species which arose in previous work, such as the possibility of free-
stream carbon contamination resulting from atmospheric CO2. Coregas Nitrogen 4.0 was used as a
test gas for the N2 condition, and has a rated purity of 99.99%.
The cone-head pressure measurements used in the characterisation process were taken at
30±5 mm from the nozzle exit, which is where the cylinder model was placed. Note that although the
air test condition was previously characterised by Zander et al. [25, 26], with those numbers quoted in
previous chapters, the procedure was conducted again here due to the model’s position downstream
of the nozzle exit, the slightly different fill gas, and the fact that facility performance can vary over
time.
Section 6.2 - Test Conditions 99
Table 6.1 Test condition fill pressures and measured quantities.
Parameter Air Condition N2 Condition
Reservoir fill pressure (MPa) 6.85±0.05 (Air) 6.85±0.05 (Air)
Driver fill pressure (kPa) 92.8±0.1 (80% He, 20% Ar) 92.8±0.1 (80% He, 20% Ar)
Shock tube fill pressure (kPa) 3.0±0.1 (Instrument Air) 3.0±0.1 (N2)
Acceleration tube fill pressure (Pa) 10±1 (Air) 10±1 (Air)
Primary shock speed (km/s) 4.0±0.1 4.0±0.2
Secondary shock speed (km/s) 8.2±0.3 8.3±0.1
Acceleration tube post-shock pressure (kPa) 5.2±1.0 5.2±0.8
Cone-head pressure (kPa) 6.6±0.5 5.2±0.4
Table 6.2 Calculated free-stream properties.
Parameter Air Condition N2 Condition
ht (MJ/kg) 38.7±2.3 38.7±1.2
P (Pa) 840±360 538±350
T (K) 2480±140 2040±460
u (m/s) 8420±270 8560±100
ρ (kg/m3) 1.13±0.40×10−3 0.89±0.33×10−3
yN2 0.781±0.002 1.0
yO2 0.167±0.019 -
yNO 1.99±0.32×10−2 -
yO 3.2±1.7×10−2 -
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6.3 Instrumentation
A schematic of the optical instrumentation arrangement is shown in Figure 6.5, which consisted of
the following systems and measurements:
• UV spectroscopy for measuring shock layer emissions
• nIR spectroscopy to measure model surface temperature
• High-speed camera for spallation observation and general diagnostics
• DLSR camera for surface temperature using TCRP
In addition to these optical instruments, a pitot probe was mounted underneath the model for trigger-
ing purposes and for assessing flow stability. Each of these systems will now be described separately
in detail.
6.3.1 Ultraviolet Spectroscopy
Shock layer emissions were measured by focussing an image of the flow onto the entrance slit of
an Acton Research Spectra Pro 2300i spectrometer coupled with a PI-MAX ICCD camera, with a
generation II SB slow gate intensifier sensitive in the UV. Measurements were taken for viewing
orientations both along and across the strip by rotating the model, with the view and slit orien-
tations as shown in Figure 6.6. Two grating settings were used in these experiments. Most tests
utilised an 1800 grooves/mm grating angled to measure from approximately 355–393 nm in first or-
der, allowing both CN and N +2 emissions to be observed. For tests aiming to observe sublimation, a
600 grooves/mm grating was angled to allow observation of wavelengths from approximately 350–
480 nm corresponding to emissions from CN, N +2 , C3, and C2. In all cases the ICCD was exposed for
35 µs with a gain of 210 during the steady test time.
The wavelength axes of the UV images were calibrated based on emissions from both a New-
port 6031 Kr and a 6035 HgAr pencil calibration lamp. The pixel numbers corresponding to several
distinct peaks with known wavelength within the region of interest were identified and used to fit a
second order polynomial. Example results of this procedure and the selected peaks for the two grating
configurations are shown in Figure 6.7. In these plots, the spectra from the two lamps have had their
continuum baseline subtracted, and then were normalised by their respective maxima. It was found
that both lamps were necessary for good coverage over the full wavelength range. For example, the
three peaks in Figure 6.7(a) for HgAr emissions are grouped closely together, and using these peaks
alone would result in inaccuracies at the far ends of the observed range. By comparing the actual peak
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Figure 6.5 Schematic of optical arrangement (not to scale).
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(a) Across strip (b) Along strip
Figure 6.6 Viewing orientations and slit alignment for UV spectrometer.
wavelengths with the wavelengths produced by the calibration procedure, it was found that the uncer-
tainty was less than ±0.01 nm for the 1800 grooves/mm grating configuration, and around ±0.02 nm
with the 600 grooves/mm grating. This measurement and fitting procedure was repeated each time
the grating configuration was changed.
The instrument broadening function was measured by centering the grating at 0 nm, imaging
a light source, and then fitting a Voigt function to the 0th order peak. The fitting procedure was
conducted manually by varying the Voigt function parameters, as well as the offset and scaling factor
of the measured data points. The results of this are shown in Figure 6.8. The FWHM contributions to
the instrument function Voigt profiles were found to be 0.12 nm Gaussian and 0.02 nm Lorentzian for
the 1800 grooves/mm grating, and 0.3 nm Gaussian and 0.1 nm Lorentzian for the 600 grooves/mm
grating.
The spatial axis scale for the UV measurements was determined by placing an M4 screw
in the focal plane and imaging light from a fluorescent lamp passing between the threads, which
had a known pitch of 0.7 mm. Figure 6.9(a) shows an example spatial profile from one of these
measurements, where the periodic sequence of peaks can be clearly seen. The data was smoothed
using a 2nd order Savitsky-Golay filter with a span of 21 points, and then a line fit was made to
the peak locations as shown in Figure 6.9(b). The gradient of this line is the spatial scale, and was
found to be 18.7 ± 0.3 µm/pixel to a 95% confidence interval based on four separate measurements
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Figure 6.7 Example wavelength axis calibrations for UV spectrometer.
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Figure 6.8 Comparison of 0th order peaks with estimated instrument functions for both UV configurations.
throughout the experimental campaign.
Intensity calibrations were conducted using a Labsphere CSTM-USS-400-HI spectral radi-
ance source with serial number SN-10151956. The source was placed at the model location and the
light was imaged through all optical components onto the entrance slit. Images were taken with the
same gain as the experiments, an exposure time of 10 ms, and were averaged over 50 accumulations.
The camera response is known to be linear for exposure times above 20 µs [78], so the 10 ms calibra-
tion images were linearly scaled to 35 µs to match the experiments. Background signal was removed
from both the calibration and experimental data by subtracting images averaged over 50 accumula-
tions with the same exposure settings. A spline fit to the known lamp output allowed an individual
intensity calibration factor to be found for each pixel, which converts the pixel signal in “counts”
to spectral radiance. The calibration source uncertainty is quoted to be 3.65% at 350 nm and 1.07%
at 450 nm. To be conservative, the larger value of 3.65% is used for the full spectral range of the
UV measurements. By incorporating an additional factor due to uncertainty in the positioning of the
calibration source, uncertainty in the UV spectral radiance measurements is estimated to be ±5%.
Shot-to-shot variation was previously included in the uncertainty estimates; however, it is excluded
here as it should arise naturally with repeated measurements.
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Figure 6.9 UV spectrometer spatial calibration.
6.3.2 Near Infrared Spectroscopy
Spectral measurements of the surface emissions prior to each test were taken to infer surface tempera-
tures by Planck curve fitting. For this, a skewed image of the front of the model was focussed onto the
entrance slit of an Acton Research Spectra Pro 2300i spectrometer, which was coupled to a PI-MAX
ICCD camera with a Unigen image intensifier which had sensitivity at longer wavelengths into the
near infrared (nIR). Here, a 150 grooves/mm grating was angled to allow observation of wavelengths
from approximately 500–840 nm in first order. Second order emissions from shorter wavelengths
were removed by placing a Thorlabs FGL495 high pass optical filter immediately in front of the en-
trance slit. The ICCD gain was 150 and the exposure time varied from 0.1–10 ms depending on the
expected model brightness. A sequence of images was recorded leading up to each shot at a frame
rate of 3 Hz to verify that steady state temperatures had been reached.
The wavelength scale of the nIR spectrometer was determined by imaging spectral lines from
a Newport 6031 Kr pencil lamp, using a similar procedure as for the UV spectrometer. Figure 6.10
shows the results of the wavelength axis calibration, and it can be seen that the accuracy is around
±0.2nm. The spatial scale of the nIR measurements could not be determined using the same method
as for the UV spectrometer, due to the skewed viewing angle. The scale was instead estimated to be
20.6 µm/pixel based on the known physical pixel spacing of 26 µm and the system magnification of
1.26, evaluated using the measured mirror locations. The intensity calibration was performed using
the same source and method as for the UV spectrometer.
Temperatures were fit to spectra extracted from the ICCD images using the golden section
search method, with initial bounds of 1000 K and 4000 K. For each temperature guess, a Planck
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Figure 6.10 Wavelength axis calibration for nIR spectrometer.
curve was calculated by:
IPlanck (λ,T ) =
2hc2
λ5
1
e
(
hc
λkBT
)
− 1
(6.1)
Then, a nested golden search optimisation was performed in order to find the scaling factor which
minimised the error between the calculated and measured Planck curves. This error was then re-
turned into the temperature optimisation loop until convergence within ±0.01 K. This procedure was
performed for all rows of the ICCD image at spatial locations corresponding to the heated model. The
different temperature values obtained by this were averaged, and the variation was used to estimate
the uncertainty to a 95%CI.
6.3.3 High-Speed Imaging
High-speed videos of the experiments were recorded using a Shimadzu HPV-1 camera equipped with
a Nikkon AF Micro-Nikkor f/4D 200 mm macro lens. This lens allowed greatly improved zoom
compared to previous experiments and therefore more detailed observation of spallation phenomena.
A 500 kfps frame rate was used with a total recording time of 200 µs, allowing observation of the full
experiment from flow arrival, stabilisation, steady test time, and driver gas arrival. The f number and
exposure settings were varied depending on the condition and expected model brightness in order to
obtain optimal signal strength.
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6.3.4 DSLR Camera
Images were taken of the heated models immediately prior to firing using a Canon 400D DSLR
camera, as described previously. It was intended to use these images as a secondary temperature
measurement using the TCRP technique as described by Zander et al. [25]. However, it was found af-
ter post-processing that the calculated results were inconsistent with expected temperatures and those
measured using the nIR spectrometer. It was also found that results provided by the three colour ratios
(R/G, R/B, G/B) varied significantly, suggesting that there was a problem with the calibration. Regard-
less of whether this resulted from the calibration simply drifting over time or some other factor, it
was decided to discard the TCRP temperatures and use only those measured by the nIR spectrometer.
The DSLR images, however, did provide useful qualitative information regarding thermal expansion
of the model and will be discussed further in Section 6.4.2.
6.3.5 Pitot Probe
Previously in Chapters 3−5 the instrumentation was triggered based on the voltage produced by a
photodiode aimed into the test section. Once a threshold voltage is reached, a TTL pulse is sent to
the instrumentation for triggering. This is generally a reliable system in the X2 facility for which
the formation of a bright radiating shock layer produces a distinct and sudden signal. This method
has, however, proven to be problematic for heated models. Several workarounds were previously
implemented including aiming the photodiode such that a direct view of the hot surface is obscured,
or by using optical filters to cut down the signal from the model. Although these methods prevented
pre-triggering, there was still a varying baseline voltage offset depending on model brightness which
produced inconsistent triggering times.
For more consistent timing in these experiments a pitot probe was positioned underneath the
model, as was shown in Figure 6.1. The system could then be reliably triggered by the sudden arrival
of the accelerator and test gas, and is, in principle, unaffected by radiation from the heated surface.
This also has the advantage of providing a transient measure of flow pressure during a test to assist
with verifying that the spectrometer was exposed only during steady flow. Due to the large size of the
cylinder model support structure, the pitot probe was positioned outside the core flow and was thus
used only for a qualitative assessment of flow steadiness.
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6.4 Results
A summary of the test cases considered in this study are shown in Table 6.3, and lists the following
information:
• Shot identification number.
• Viewing orientation.
• Whether a steel base cylinder was used or not.
• Test condition.
• Strip insert material
• Measured surface temperature.
• Electrical supply settings.
The voltages and currents were read directly from the power supply immediately prior to firing, with
estimated uncertainties of ±0.5 V and ±10 A. The cases are sorted based on their configuration, rather
than their chronological order.
6.4.1 Temperature Measurements
Example calibrated images from the nIR spectroscopy system are shown in Figure 6.11 for both
viewing orientations. For the across-strip view, the slit is aligned horizontally along the model’s front
face, and both the near and far edge can be seen due to the skewed viewing angle (see Figure 6.5).
For the along-strip orientation, the slit is oriented along the model’s centreline and there is a visible
“apparent” edge at the top of the image. For each row of these images corresponding to the model
surface, a spectrum can be extracted and used to determine the temperature via Planck curve fitting,
as described in Section 6.3. Figure 6.12 shows an example fit where it can be seen that there is an ex-
cellent agreement. By performing this procedure for each row of the calibrated image, a temperature
profile can be determined. Examples of this are shown in Figure 6.13 for both viewing orientations,
in separate tests. It can be seen that the Planck curve fitting procedure is generally able to determine a
temperature even for spatial locations away from the model. This is thought to be due to a combina-
tion of spatial blurring and reflections inside the test section. Regardless, it can be seen that the model
temperature profiles are relatively flat. The surface temperatures listed in Table 6.3 were found by
averaging within the indicated bounds, with the variation allowing for uncertainty estimates generally
ranging from 50–100 K.
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Table 6.3 Configuration summary of considered cases.
Case Shot ID View Base? Gas
Strip Temperature Voltage Current
material (K) (V) (A)
1 x2s3174 Across Yes Air Steel 300±10 - -
2* x2s3193 Across Yes Air† Steel 300±10 - -
3 x2s3182 Across Yes Air Graphite 300±10 - -
4 x2s3184 Across Yes Air Graphite 1600±60 5.8 200
5 x2s3189 Across Yes Air Graphite 1690±50 4.3 200
6 x2s3186 Across Yes Air Graphite 2490±90 9.9 375
7 x2s3190 Across Yes Air Graphite 2490±80 8.8 375
8 x2s3188 Across Yes Air Graphite 2500±70 11.4 375
9 x2s3192 Across Yes Air Graphite 2640±100 10.2 375
10* x2s3176 Across Yes Air Graphite 3070±80§ 19.8§ 650§
11* x2s3194 Across Yes Air Steel‡ 300±10 - -
12 x2s3180 Across Yes N2 Steel 300±10 - -
13 x2s3183 Across Yes N2 Graphite 300±10 - -
14 x2s3185 Across Yes N2 Graphite 1750±50 5.5 200
15 x2s3187 Across Yes N2 Graphite 2530±70 10.3 375
16 x2s3191 Across Yes N2 Graphite 2550±80 9.5 375
17 x2s3211 Along Yes Air Aluminium 300±10 - -
18 x2s3213 Along Yes Air* Aluminium 300±10 - -
19 x2s3207 Along Yes Air Graphite 1520 ±70 5.0 175
20 x2s3206 Along Yes Air Graphite 1670±60 6.5 175
21 x2s3209 Along Yes Air Graphite 2060±50 7.0 275
22 x2s3203 Along Yes Air Graphite 2180±50 7.2 270
23 x2s3196 Along Yes Air Graphite 2590±60 9.0 380
24 x2s3197 Along Yes Air Graphite 2620±50 10.1 380
25* x2s3200 Along Yes Air Graphite ? 20.0§ 650§
26 x2s3212 Along Yes N2 Aluminium 300±10 - -
27 x2s3208 Along Yes N2 Graphite 1640±50 5.5 175
28 x2s3205 Along Yes N2 Graphite 1690±60 5.5 175
29 x2s3210 Along Yes N2 Graphite 2050±50 7.5 270
30 x2s3204 Along Yes N2 Graphite 2190±50 8.0 275
31 x2s3201 Along Yes N2 Graphite 2590±50 9.5 375
32 x2s3202 Along Yes N2 Graphite 2580±50 10.25 380
33 x2s3216 Along No Air Aluminium 300±10 - -
34 x2s3218 Along No Air Graphite 2530±50 11.5 375
35 x2s3221 Along No Air Graphite 3200±60 20.0 650
36 x2s3217 Along No N2 Aluminium 300±10 - -
37 x2s3219 Along No N2 Graphite 2540±50 12.0 375
38 x2s3222 Along No N2 Graphite 3210±70 20.0 650
39* x2s3220 Along No Air Graphite ? ? 250§
40* x2s3225 Across No Air Graphite 2830±130§ ? 550§
41* x2s3226 Along No Air Graphite 3080±100§ 23 650§
42 x2s3227 Along Yes Air Steel¶ 300±10 - -
43 x2s3229 Along Yes N2 Steel¶ 300±10 - -
* Case with unusual configuration or anomalous results, to be discussed individually.
† Laboratory air instead of bottled instrument air to assess effect of atmospheric CO2.‡ Clean steel strip, with cylinder base coated in carbon.
§ Best estimate of final value after current dropped from maximum between 650–700 A.
¶ Unslotted steel cylinder to assess two-dimensionality of flow.
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Figure 6.11 Example calibrated nIR data for both viewing orientations.
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Figure 6.13 Example temperature profiles from nIR Planck curve fitting.
112 Chapter 6 - Slotted Cylinder Experiments
6.4.2 Across-Strip UV Spectra
Experiments with the across-strip viewing orientation considered in this section were completed in
both air and N2 flows with heated graphite temperatures ranging from 1600–2640 K with the base
cylinder. Baseline tests were conducted using both a steel and graphite strip at 300 K. An example
calibrated image from the UV system is shown in Figure 6.14. The flow direction is from bottom to
top and the shock front, boundary layer edge, and model edge have been labelled. The primary region
of interest is within the boundary layer where there is a clear increase of radiation.
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Figure 6.14 Example calibrated UV data for across-strip viewing orientation (case 7).
Averaged boundary layer spectra were extracted from the calibrated image for each case by
averaging rows corresponding to 0−0.37 mm upstream of the model surface. Example spectra are
shown in Figure 6.15. The steel and cold graphite cases for both test conditions show emissions from
N +2 , CN, Fe, Ca, and a baseline continuum. The heated graphite cases contain the same features but
with a significantly increased contribution from CN violet. The Ca contaminant lines are an interest-
ing feature of the spectrum, which were previously incorrectly attributed to Fe. The Ca contamination
appears to originate from the model surface, which is perhaps unsurprising because Ca is known to
be a significant contributor to the total impurity concentration in artificial graphites [105]. Curiously,
significant levels of Ca were only observed for cases with surface temperatures around 2500 K. This
is presumably a result of some specific chemical process which only occurs at these temperatures;
however, it is not clear what this process could be. The relative levels of emissions from contaminant
species are high compared to previous work, which is a direct consequence of the model configura-
tion and viewing orientation. CN should only be produced near the heated strip which has a width
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of 10 mm; however, superimposed on this are additional emissions from the remaining 65 mm width
of flow along the steel base cylinder. In essence, the signal-to-noise ratio of contaminants to target
species has been sacrificed with the aim of achieving a nominally two-dimensional flow.
Figure 6.16 shows example averaged near-surface spectra after subtraction of the steel baseline
case. It can be seen that spectra for the cold graphite cases are almost entirely zero, meaning that there
is very little difference between cold graphite and steel strips. Contributions from N +2 and the baseline
continuum have been effectively removed by the baseline subtraction process. Further, the relative
contribution of contaminants to the spectrum has been significantly reduced, although the results are
far from perfect. It can be seen that are still very noticeable peaks from Fe in several of the spectra,
and in some cases there was too much signal removed which has left “holes” in the spectra. The
heated graphite cases with surface temperatures near 2500 K have very prominent Ca contamination
peaks, which were essentially unaffected because Ca only appears for these shots and not for the steel
baseline.
In order to evaluate the spatial distribution of the emissions, radiance profiles were found for
each case by integrating each row of the calibrated images with respect to wavelength. It was seen
that although baseline subtraction was generally successful at removing unwanted features from the
spectrum, it was not completely effective and there are still significant contributions from Fe and also
Ca. Therefore, for these experiments, it was decided to evaluate the radiance profiles by integrating
a more limited region of the spectrum for which CN dominates and contamination contributions
are expected to be relatively minimal. The selected integration region was 384−389 nm. Example
radiance profiles without baseline-subtraction are shown in Figures 6.17(a) and 6.17(b). It can be
seen that there is a significant increase of radiation in the nonequilibrium region immediately behind
the shock, largely due to N +2 radiation. The radiance then gradually decreases within the inviscid
shock region before increasing again near the surface due to the production of CN for the heated
graphite cases.
The radiance profiles after subtraction of the steel baseline cases are shown in Figures 6.17(c)
and 6.17(d). It can be seen that the nonequilibrium radiation is mostly removed; however, the subtrac-
tion is not completely effective. This is not necessarily due to increased levels of radiation, but can
instead be attributed to strip misalignment due to thermal expansion. This was initially not noticed
but became obvious for the cases with surface temperatures above 2400 K. An example of this can
be seen in Figure 6.18(a). The effect of this on the radiance profile is seen for case 9 in Figure 6.17,
where the apparent size of the nonequilibrium region appears to be stretched. This can be explained
by there being essentially two separate radiance profiles, offset by a distance due to misalignment,
which are then superimposed onto each other.
The thermal expansion along the stagnation line was estimated to be between 0.1–0.3 mm
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Figure 6.15 Example near surface spectra for air and N2 with cylinder base.
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Figure 6.16 Example baseline-subtracted near surface spectra for air and N2 with cylinder base.
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Figure 6.17 Example radiance profiles, viewing across strip.
based on the radiance profiles. To compensate for this in subsequent heated tests, the strip was re-
cessed within the base cylinder such that it would expand into the correct location. In the first attempt,
shown in Figure 6.18, the strip was inserted too far and was still recessed during the experiment. The
effect of this on the radiance profile is observed for case 15 in Figure 6.17, where the apparent shock
stand-off is reduced. After some trial and error to determine the optimal strip insertion distance, the
post-expansion location of the strip could be placed within an estimated ±0.1 mm of being flush with
the cylinder surface. Regardless, it was decided at this stage that the across-strip viewing orientation
was too sensitive to the effects of thermal expansion, and further efforts were instead focussed on the
along-strip orientation.
Despite the problems with thermal expansion, the across-surface results were still fully pro-
cessed in the form of a surface chemistry metric, defined in a similar manner to previous work in
Chapter 5, and are shown in Figure 6.19. In this case, the near-surface peaks in the baseline-subtracted
radiance profiles were integrated from the left to the right FWHM locations. This procedure was con-
ducted only for the heated graphite cases, as the 300 K cases had very similar radiation levels to the
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(a) Strip protruding (case 15) (b) Strip recessed (case 9)
Figure 6.18 DSLR images of strip misalignment due to thermal expansion and subsequent overcompensation.
baseline cases and would effectively produce a “zero” result. Unfortunately for the across-surface
viewing orientation, the number of temperature cases is limited and also clustered at the lower and
upper ends of a range from 1600 K to 2700 K. It can be seen, however, that the level of near-surface
emissions are similar within experimental variation for both air and N2. Further, they do not appear
to change significantly over the range of temperatures investigated. These results are only included
for completeness, however, and care should be taken when interpreting them due to the number of
problems which were encountered. Most importantly, the thermal expansion problem was not noticed
until the second-to-last across-surface cylinder shot. The other significant problem is that this view-
ing orientation effectively increased the relative contaminant contribution, which is not necessarily
consistent between shots and makes subtraction difficult.
6.4.3 Along-Strip UV Spectra
The majority of the experiments were conducted for the along-strip viewing orientation. At this
stage, the thermal expansion problem was known and could be compensated for with reasonable
accuracy. This is demonstrated in Figure 6.20 which shows the strip position relative to the base
cylinder before and during a test. For the along-surface baseline cases, aluminium strips were used
in order to minimise possible Fe and C contamination which would have been present for the steel
strips. Experiments were conducted with the base cylinder to temperatures up to 2590 K, and then up
to 3210 K without the base cylinder. An example calibrated image from the UV system is shown in
Figure 6.21. The flow direction is from bottom to top and the shock front, boundary layer edge, and
model edge have been labelled.
Example averaged near-surface spectra for the cases with the base cylinder are shown in Fig-
ure 6.22. Similarly to the across-view spectra, both flow conditions produced emissions from N +2 ,
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Figure 6.19 Surface chemistry metric for measurements across strip.
(a) DSLR image before heating (b) High-speed image during test
Figure 6.20 Demonstration of strip alignment post-expansion (images edited for visibility).
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Figure 6.21 Example calibrated UV data for along-strip viewing orientation (case 29).
CN, Fe, Ca, and a continuum background, with significantly increased CN emissions for the heated
graphite cases. In contrast, the relative contribution of contaminants to the spectra are greatly re-
duced for the along-strip viewing orientation, since the near-surface emissions around the steel base
model are not captured. Ca lines again appear at the surface for a limited number of tests, in this
case for those with surface temperatures ranging from 2050−2190 K. It is hypothesised that the pro-
cess responsible for Ca appearing has a similar time scale to the model pre-heating. Since the model
centreline reaches its equilibrium temperature faster than the edges, this could explain the disparity
between the viewing orientations.
The near-surface spectra after subtraction of the Al model baseline are shown in Figure 6.23. It
can be seen that there is a good consistency across the cases in terms of removing N +2 and continuum
radiation. The Fe subtraction is noticeably better than for the across-surface results, although it is not
completely removed in all the cases. Ca is not effectively subtracted from the cases where it appears,
which is to be expected since it is not present in the baseline.
Averaged boundary layer spectra for the cases without the base cylinder are shown in Fig-
ure 6.24, and after Al baseline subtraction in Figure 6.25. UV spectra for this model configuration
were taken for an extended spectral range. This was to potentially observe sublimation species, as
these experiments were intended to reach higher surface temperatures than achieved previously. This
was ultimately not possible, and will be discussed further in Section 6.5.4. In this extended spectral
range, additional features can be seen from Al, Ca, CN, and Fe. For the 3200 K cases there is also a
significant amount of continuum radiation seen at longer wavelengths which is not removed by base-
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Figure 6.22 Example near surface spectra for air and N2 with cylinder base.
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Figure 6.23 Example baseline-subtracted near surface spectra for air and N2 with cylinder base.
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line subtraction. This is likely due to spatial smearing of Planck radiation from the model surface;
however, it could possibly indicate the presence of particles in the flow.
As was done for the across-strip viewing orientation, radiance profiles were evaluated by in-
tegrating each row of the calibrated images from 384–389 nm, regardless of grating configuration.
Example radiance profiles are shown for all model configurations, with and without baseline subtrac-
tion, in Figure 6.26 for air and Figure 6.27 for N2. It can be seen that for this viewing orientation there
is no longer such a pronounced nonequilibrium peak, and that the radiance within the inviscid shock
region is very consistent between cases. The most significant difference between the baseline and
heated graphite cases was, again, a large increase in radiation near the surface due to CN production.
Another noticeable difference is that the shock stand-off is increased for the heated cases, presumably
due to the blowing effect of additional carbon injected into the flow.
Overall comparisons are again made using a surface chemistry metric, defined in the same
way as for the across-surface orientation. The results of this are summarised in Figure 6.28. The
results with and without a base cylinder were found to overlap within the 2500–2600 K temperature
range and so have been combined for the purposes of plotting second order trend lines as a visual
aid. It is not being suggested that a second order relationship necessarily exists, but this did appear to
be suitable for indicating the experimental trends. For air, the integrated near-surface emissions first
increase with temperature from 1600 K up to 2200 K. It then remains constant until 2600 K before
then reducing at 3200 K. This trend is very similar to that previously observed in Chapter 5. For N2,
the emissions instead appear to continually rise over the full temperature range with the exception of
an outlier (case 31) at 2590 K. In relative terms, emissions are lower for the N2 condition compared
to air until a crossover point somewhere between 2600 K and 3200K, after which the N2 condition
produces higher CN emissions.
6.4.4 Spallation
High-speed imagery was recorded of all experiments, allowing for observation of spallation phenom-
ena for a range of model configurations and surface temperatures. Note that all images presented in
this section are shown with the flow from right to left, and have had their brightness and contrast
altered so that all relevant features can clearly be seen.
As was observed in previous chapters, spallation appears to significantly increase with surface
temperature. This is exemplified by comparing Figures 6.29 and 6.30, viewing along the strip without
the base cylinder, which had measured surface temperatures of 2530 K and 3200 K, respectively. For
the high temperature case, particles can be clearly seen moving span-wise from the front of the model
around the sides, and in some cases possessing enough momentum to temporarily travel outside the
Section 6.4 - Results 123
Wavelength (nm)
360 380 400 420 440 460
S
p
e
c
tr
a
l 
R
a
d
ia
n
c
e
 (
W
 ·
c
m
-2
·
µ
m
-1
·
s
r-
1
)
0
20
40
60
80
100
120
140
160
Case 33 (Al Baseline)
Case 34 (2530 K)
Case 35 (3200 K)
CN (B - X) Δν = 0
N2
+ (B - X) Δν = 0
CN ν' = 0
CN ν' = 1
CN ν' = 2
CN ν' = 3
CN ν' = 4
N
2
+
 ν
' =
 0
Ca/Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Ca
Ca
CaCa
Ca
Ca
CaCaCaCa
Fe
CN (B - X) Δν = +1
N2
+ (B - X) Δν = +1
CN ν' = 3
CN ν' = 2
CN ν' = 4
CN ν' = 1
Al
Ca
Al
Ca
CN (B - X) Δν = -1
CN ν' = 0
CN ν' = 1
CN ν' = 2
CN ν' = 3
CN ν' = 8
CN ν' = 4
CN ν' = 7
CN ν' = 5
CN ν' = 6
N2
+ (B - X) Δν = -1
Planck Radiation
(a) Air
Wavelength (nm)
360 380 400 420 440 460
S
p
e
c
tr
a
l 
R
a
d
ia
n
c
e
 (
W
 ·
c
m
-2
·
µ
m
-1
·
s
r-
1
)
0
20
40
60
80
100
120
140
160
Case 36 (Al Baseline)
Case 37 (2540 K)
Case 38 (3210 K)
CN (B - X) Δν = 0
N2
+ (B - X) Δν = 0
CN ν' = 0
CN ν' = 1
CN ν' = 2
CN ν' = 3
CN ν' = 4
N
2
+
 ν
' =
 0
Ca/Fe
Fe
Fe
Fe
Fe
Fe
Fe
Ca
Ca
CaCaCa
Ca
Ca
Fe
CN (B - X) Δν = +1
N2
+ (B - X) Δν = +1
CN ν' = 3
CN ν' = 2
CN ν' = 4
CN ν' = 1
Al
Ca
Al
CN (B - X) Δν = -1
CN ν' = 0
CN ν' = 1
CN ν' = 2
CN ν' = 3
CN ν' = 8
CN ν' = 4
CN ν' = 7
CN ν' = 5
CN ν' = 6
N2
+ (B - X) Δν = -1
Planck Radiation
Ca
(b) N2
Figure 6.24 Averaged boundary layer for air and N2 without cylinder base.
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Figure 6.25 Baseline-subtracted averaged boundary layer spectra for air and N2 without cylinder base.
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Figure 6.26 Example radiance profiles for air, viewing along strip.
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Figure 6.27 Example radiance profiles for N2, viewing along strip.
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Figure 6.28 Surface chemistry metric for measurements along strip.
shock front. Presumably, there are also particles moving along the strip which are not distinguishable
from the bright model. Curiously, a large number of particles can be seen originating from the rear-
facing surface of the model. It is thought that this is at least partially due to the rear surface reaching
higher temperatures than the front; since the inner surface is the shortest electrical path, it receives
a higher current density and therefore more resistive heating. In addition to this, the geometry here
leads to re-absorption of the grey body emissions. It is not clear why particles originating from
the rear face would possess sufficient span-wise velocity to penetrate so far into the oncoming flow.
Another interesting observation is that there is what appears to be a second shock front formed due to
obstruction from the particles originating from the rear-face.
In one of the experiments targeting sublimation temperatures (Ts>3300 K) the electrical con-
nection became unstable, with the current falling from 650 A to approximately 250 A prior to firing,
and the model surface rapidly cooled during this time. It is not clear what temperature the surface was
during the test; however, a very rough estimate of 2200 K can be made based on the final electrical
current. An image from the high-speed footage for this experiment is shown in Figure 6.31. As can
be seen, there was a large amount of spallation, even though the surface was relatively cool. This
result suggests that the increased spallation observed at higher temperatures is due to the damaged
surface microstructure rather than simply the temperature itself. An interesting difference in this case
compared to Figure 6.30 is that there are far fewer particles originating from the rearward surface.
Another difference is that particles can clearly be seen moving along the length of the strip, due to the
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Figure 6.29 Typical spallation, viewing along strip (case 34, Ts=2530 K).
Figure 6.30 High temperature spallation, viewing along strip (case 35, Ts=3200 K).
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Figure 6.31 “Cold” spallation with damaged surface, viewing along strip (case 39, estimated Ts=2200 K).
lower brightness of the model.
Figure 6.32 shows an example image viewing across the strip without a base cylinder, with
a measured surface temperature of 3200 K. Here, the ablation layer containing large numbers of
particles can be seen growing along the model. This layer is seen to separate from the body at the
transition between the curved and straight section of the model. It is not known if there is an actual
flow separation at this location, or if the momentum of the particles simply allows them to deviate
from the streamlines. There are also a number of larger particles which possess sufficient momentum
to travel quite far away from the model, almost exiting the shock layer.
The first experiments conducted with the cylinder base model were for the across-strip viewing
orientation. Some spallation was observed for moderate temperatures around 2500 K as can be seen in
Figure 6.33. Curiously, the particles appear to detach from the body well before reaching the straight
section of the strip. Possibly, this is because there is a bias toward seeing the larger, and therefore
brighter, particles with higher initial momentum at these moderate temperatures.
In the first attempt to achieve temperatures above 3000 K with a base cylinder, extreme levels
of spallation and a variety of unique phenomena were observed, as can be seen in Figure 6.34. There
was a very large and dense shower of bright particles throughout the entire shock layer, with many
reaching outside the shock layer before then re-entering. In particular there were many particles
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Figure 6.32 High temperature spallation, viewing across strip (case 40, Ts=3200 K).
Figure 6.33 Cylinder base and heated strip, viewing across strip (case 15, Ts=2530 K).
Section 6.4 - Results 131
Figure 6.34 Anomalous upstream spallation, viewing across strip with cylinder base (case 10, Ts=3070 K).
exiting the shock layer from the front of the model in sufficient numbers to form a visible shock and
radiation features upstream of the main shock front. There was also a “wave” of dark particles which
were ejected from the surface and moved outward. This was perhaps due to a build-up of strain energy
due to thermal stress which was suddenly released upon flow arrival; however, this is only conjecture
at this stage.
Another interesting observation in Figure 6.34 is that there were particles travelling around
the sides of the cylinder, far away from the strip which should have been the source of the particles.
An explanation for this could be that the particles were actually ejected from the cylinder itself, after
having been coated in carbon during the model heating process. This is a phenomenon which had been
observed many times previously in conducting these and similar tests, whereby the carbon vapour
produced by the heated model condenses onto nearby cool surfaces. To replicate this, a graphite
model was heated to above 3000 K without firing the tunnel in order to coat the cylinder. Then, the
graphite strip was replaced with a clean steel strip. The resulting model configuration is shown in
Figure 6.35. The graphite model unfortunately fractured due to thermal stress soon after reaching
sublimation temperatures, so a full coating of the model was not achieved. Further, the cylinder itself
suffered some damage due to melting.
Figure 6.36 shows an image of the coated cylinder during testing. As can be seen, there
was a very bright and dense shower of particles around the model similar to that previously seen
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Figure 6.35 Model with carbon-coated steel cylinder and clean steel strip.
in Figure 6.34, confirming the theory that many of the particles observed there originated from the
cylinder and not the strip itself. The outward ejection of darker particles was not observed here, so
that particular phenomenon is believed to be related to either the heated strip or perhaps liquefied
steel. These results are important in that they identify a major limitation of testing with a slotted
model. Even if melting of the base model at these temperatures could be overcome, condensation
of carbon vapour onto the base model is unavoidable at the low pressures in the test section prior to
an experiment. This would render any experiments with an across-strip view completely invalid, and
would possibly interfere with any along-strip results as well.
Spallation was also investigated with a base cylinder for the along-strip viewing orientation.
An example at a relatively low temperature of 1640 K is shown in Figure 6.37. Even at this tempera-
ture there is still observable spallation, even more so than at 2530 K in Figure 6.29. This is possibly
because radiating particles are not obscured by a bright model. In terms of interactions with the base
cylinder, the majority of the particles move along the strip; however, there are still a significant num-
ber which travel in a span-wise direction. These all appear to enter the 0.5 mm gaps beside the strip
and therefore would not greatly interfere with flow around the base cylinder.
An experiment was also conducted for the along-strip view with a base cylinder at sublimation
temperatures, shown in Figure 6.38. This was done in an attempt to further understand the phenomena
observed in Figure 6.34, and in particular the upstream ejection of dark particles. This effect was
unfortunately not observed here; however, the imagery does provide another view of the particles
originating from the base cylinder surface. For this case, curiously, it is toward the edges of the base
cylinder where most of the particles appear to originate, whereas in Figure 6.35 the carbon coating
was mostly in the centre. Further experiments with a base model and strips above 3000 K were not
conducted due to the melting and other damage it caused.
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Figure 6.36 Spallation due to pre-shot surface coating and damage, viewing across strip with cylinder (case
11).
Figure 6.37 Spallation with heated strip and base cylinder, viewing along strip (case 27, Ts=1640 K).
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Figure 6.38 Spallation from strip and cylinder at high temperatures (case 25).
6.5 Discussion
6.5.1 Surface Chemistry Implications
One of the primary aims of these experiments was to establish the role of CO production on the
observed CN levels. It should be highlighted that between the two test conditions, there will be
differences in the shock layer temperature and pressure. Therefore, only CN emission strength can be
directly compared from these results, and not the actual CN concentrations or indeed the nitridation
rate. The two conditions should, however, be enough alike that the same CN emission in both would
indicate similar CN concentrations.
The surface chemistry metric plot for the along-strip results previously shown in Figure 6.28
provide some very important insights. From 1600 K up to 2600 K, the observed CN emissions were
lower for the N2 condition compared to air, although the results were of a similar magnitude. There-
fore, the hypothesis that CO production is responsible for the majority of observed CN is not sup-
ported by these experiments. It does appear, however, that CO production is at least partially con-
tributing to the observed CN levels in air. It is proposed that from 1600 K to 2600 K there is a
superposition of CN from direct surface nitridation and the CN indirectly produced in the gas phase
by interactions with CO, explaining why the results here are higher for air than for N2. It should be
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noted, however, that this on its own is not necessarily convincing because it could simply be argued
that it is caused by differences in post-shock pressures and temperatures between the two test con-
ditions. What does appear to be most convincing is the difference in behaviour going from 2600 K
to 3200 K. For air, the near-surface CN emissions were found to reduce at the highest temperatures
whereas for N2 they increased.
As was discussed in Chapter 2, the oxidation rate is known to be non-Arrhenius at high temper-
atures, with a maximum rate occurring between 1600–2400 K, depending on pressure. In Figure 6.39
the oxidation mass loss rate over a range of temperatures is plotted for an oxygen partial pressure
of 0.21 atm (i.e. its atmospheric partial pressure), using empirical expressions from Blyholder [49],
Strickland-Constable [48], and Ong [106]. Of these, the expression by Strickland-Constable is most
relevant because it was based on measurements at pressures similar to those occurring post-shock
in the present study, approximately 1 atm. It predicts a maximum oxidation rate at approximately
2200 K, which corresponds well to the temperatures at which the air results plateaued before then
falling.
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Figure 6.39 Various predictions of oxidation mass loss at 0.21 atm oxygen partial pressure.
The observation of continually increasing CN emissions for the N2 condition is significant, as
no measurements of the nitridation rate have been made above 2575 K, with the highest temperatures
by Helber et al. [57]. Despite much variation in the measurements by different authors, it has generally
been seen that an Arrhenius formulation is suitable for predicting the nitridation rate. Although it is
difficult to directly assess from the present results whether nitridation continues to follow Arrhenius
behaviour between 2600 K and 3200 K, there are no unusual features such as a maximum that would
suggest otherwise. It may be possible to infer an effective nitridation rate via simulations of these
experiments; however, such an activity is beyond the scope of the present study.
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6.5.2 Similarity to Two Dimensional Flow
Another of the purposes behind this model configuration was to produce a nominally two-dimensional
flow structure along the heated strip, with minimal edge effects compared to a strip on its own. For
comparison, experiments were also conducted using a plain steel cylinder. Figure 6.40 shows along-
strip radiance profiles in air and N2 for a plain Al strip, an Al strip with a cylinder base, and for
a full steel cylinder. For each condition the Al strip had a shock stand-off size approximately 50%
smaller than for the full cylinder. With the introduction of the base cylinder, the shock stand-off
greatly increases; however, it is still around 10% smaller than the full cylinder. This indicates that
although the flow structure is much closer to two-dimensional with the base cylinder than without,
there are still measurable differences resulting from edge effects. This conclusion is supported by the
high-speed imagery, where it was clear that there is a span-wise component to the flow velocity based
on the particle trajectories.
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Figure 6.40 Radiance profiles for Al strip with and without cylinder base, and unslotted steel cylinder.
6.5.3 Atmospheric Carbon Contamination
In the previous work presented in Chapters 3−5, all experiments were conducted using an air condi-
tion for which local ambient laboratory air was used for filling. It was noted that there appeared to be
carbon contamination in the free-stream. The source of this was never confirmed, but one potential
explanation proposed was that it was simply due to the CO2 which is naturally present in the atmo-
sphere. To completely exclude that possibility, bottled instrument air was used in this study which
contains only N2 and O2 with minimal impurities. To see what effect this change had, an experiment
was conducted using local laboratory air with an Al strip and base cylinder, viewing along the strip.
In Figure 6.41 the radiance profile from this experiment is compared to another with the same model,
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Figure 6.41 Radiance profile comparison for instrument and lab air.
but using instrument air. As can be seen, there is very little change and any differences would easily
fall within the bounds of shot-to-shot variation.
6.5.4 Maximum Temperature
One of the aims of this set of experiments was to achieve maximum surface temperatures higher than
was done previously. This was ultimately found to be impossible to achieve with this configuration,
as the model quickly lost integrity and failed for electrical currents higher than 650 A. This is thought
to be a result of extremely fast model sublimation due not only to the high temperatures but also the
low pressure within the test section prior to an experiment. The problem is potentially exacerbated
by the model’s reduced diameter and increased thickness compared to previous experiments. This
results in a higher current density along the inner surface of the graphite model, and the temperature
here would be higher than on the frontal surface and it would therefore degrade faster. This could
explain why the maximum temperature achieved here was 3210 K which is lower than the maximum
of 3300 K in Chapter 5. There was sufficient capacity to supply greater electrical heating; however,
the rapid degradation of the inner model surface caused premature failure.
These experiments were successful in exploring the limitations of the slotted base model con-
figuration. An upper temperature limit of around 2750 K was found due to melting. This can be
circumvented to an extent by active cooling of the base model; however, upon reaching higher tem-
peratures, there is another limitation whereby the base model is coated with a condensed layer of
carbon originating from the subliming graphite model. There were also serious problems related to
thermal expansion of the model. After the problem was identified, it was compensated for with rea-
sonable accuracy for the along-surface viewing orientation; however, it is suggested that future model
designs take more care in precisely accounting for these effects.
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There were several occasions where the graphite model fractured when attempting to heat it
above 3000 K. The most problematic outcome which is possible from this is the formation of an
electrical arc between the graphite strip and either the base model, or more commonly, one of the two
sets of copper clamps. When this occurs the metal is rapidly melted, even spraying droplets quite far
away from the model. On two occasions, electrical arcing resulted in copper droplets being sprayed
into the nozzle immediately prior to firing the tunnel. This material was picked up by the flow and
then deposited onto the test model and support structure, as shown in Figure 6.42.
(a) Inside nozzle (b) Model assembly
Figure 6.42 Coating of nozzle and model assembly due to melted copper clamp.
6.6 Conclusions
Experiments have been conducted using a novel model configuration whereby a heated graphite strip
is embedded into a steel base model. The maximum useful temperature of this configuration was
found to be around 2750 K due to melting. Higher temperatures may be possible with active cool-
ing; however, another limitation was found whereby the base model becomes coated in a layer of
condensed carbon vapour, resulting in large amounts of spallation which could interfere with the
flowfield. Therefore, experiments with temperatures above 2750 K were conducted for only the strip
without the base model. Tests with N2 flows showed that the CN emissions continually increase from
1600–3200 K. Comparing these results to those with an air test gas suggests that the observed CN
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emissions are mostly from direct nitridation, but with an additional contribution due to surface CO
production and subsequent gas phase reactions to form CN. This is evidenced in particular by a re-
duction of emissions between 2600 K and 3200 K in air, which is proposed to result from a reduction
in the oxidation rate at high temperatures which has been observed in previous studies.

Chapter 7
Conclusions and Recommendations
In this thesis a series of experimental studies have been presented which investigated the ablation
of heated graphite models in impulse facilities. The overall broad aims were to gain new insights
into carbon surface thermochemistry, as well as to enhance the electrical pre-heating technique. In
Chapter 1 the following specific objectives were identified to achieve this:
1. Develop testing capability for sublimation-regime surface temperatures.
2. Obtain calibrated emission spectroscopy measurements of carbon ablative species for a range
of surface temperatures.
3. Investigate alternate model configurations to improve measurement capability and quality.
4. Identify potential mechanisms for any discrepancies with numerical predictions.
In Chapter 4 a new capability was developed to test heated models at maximum temperatures of
3300 K, which is generally considered to be well into the sublimation ablation regime. During initial
testing, attempts were made to observe emissions from the sublimation species C3 and C2. It was
found that without the influence of any flow at an ambient pressure of 2 kPa, C2 could be seen but
not C3. During expansion tunnel testing, however, no sublimation species were observed. It was
concluded that this was due to the high post-shock pressures of approximately 1 atm for the condition
used, which would substantially suppress sublimation at 3300 K.
Based on equilibrium vapour pressure curves, surface temperatures of around 3600 K would
be required for significant sublimation to occur at the high post-shock pressures for the conditions
used in this thesis. In Chapter 6 a modified strip geometry was chosen with the aim of achieving
such temperatures; however, it was found that the models would fail when attempting to do so. It
is believed that this is a result of extremely rapid model sublimation during pre-heating due to a
combination of the high surface temperatures and low pressure of 10 Pa within the test section prior
to an experiment. Therefore, it appears to be fundamentally impossible to pre-heat the model much
higher than 3300 K without the test section fill pressure being several orders of magnitude higher.
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For any future attempts to study sublimation in expansion tunnels, it is suggested that a condition be
specifically designed with a lower post-shock pressure matched to a real flight trajectory point without
any scaling. Under these conditions, surface temperatures of 3300 K would be more than sufficient
for ablation to be dominated by sublimation.
Since it was found that sublimation species could not be observed during experiments, the
majority of the emission spectroscopy measurements in this thesis were focused on CN to study the
phenomenon of nitridation. Chapter 3 presented initial results with a heated 50 mm hemicylindri-
cal graphite strip model for four surface temperature cases from 1770–2410 K, with accompanying
numerical comparisons by Alba et al. [80]. The measurements showed increased near-surface CN
emissions with temperature, whereas the numerical simulations predicted relatively constant levels
for all considered surface reaction models. Another discrepancy was that the experiments showed el-
evated levels of CN within the inviscid shock layer region and also free-stream. At the time, this was
attributed to spallated particles travelling upstream based on similar observations in other facilities.
Other possibilities were also identified, including varying levels of facility free-stream contamination
and spatial smearing of emissions by the imaging system.
Chapter 5 presented an extension of the work from Chapter 3, with a total of 19 heated graphite
temperature cases ranging from 1740–3300 K. New comparisons to numerical simulations, as de-
scribed by Alba et al. [80], provided great insight into the surface processes occurring in the experi-
ments, and also revealed some interesting discrepancies. For these experiments in air, the simulations
suggested that a significant portion of the observed CN emissions were not a result of direct surface
nitridation, but instead caused by surface CO production and then subsequent gas phase interactions to
form CN. In terms of overall trends, the numerical simulations predicted a monotonic increase of CN
emissions with temperature for all surface models considered, whereas at the time it was stated that the
experiments showed no significant trends with surface temperature and that any differences could be
reasonably explained by shot-to-shot variation. After consideration of the results and discussion from
Chapter 6, however, these experiments can instead be interpreted as showing an initial increase from
1770–2500 K and then reducing from 2500–3300 K. It was also observed that significant levels of
spallation occurred for the highest surface temperatures, and it was suggested that optical attenuation
due to these particles may have been responsible for the reduction of measured CN emissions above
2500 K. After re-examination of the literature and consideration of the results in Chapter 6, it appears
that a better explanation is that the oxidation rate is reduced at these temperatures. In Chapter 3 it was
suggested that the observed free-stream contamination was due to spallated particles being ejected
upstream of the shock. If this were true, then it would be expected that contamination would greatly
increase for the highest surface temperatures where significant spallation was observed; however, that
was found to not be the case in Chapter 5.
A final series of experiments was conducted using a novel model design whereby the heated
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graphite strip was embedded into a steel base structure in order to relieve edge effects, with the aim
of producing quasi two-dimensional flow along the strip. The degree of flow two-dimensionality was
found to be questionable due to visible cross-flow and a shock stand-off 10% smaller than a nominal
two-dimensional case, although it was much closer than a heated strip on its own. For the configura-
tion used, it was found that the practical maximum temperature was around 2700 K due to melting of
the base cylinder. Therefore, for these experiments, temperature cases above 2700 K were conducted
using only a graphite strip, without the cylinder base. With modifications to the arrangement it may
be possible to achieve higher temperatures before melting occurs; however, another limitation was
discovered whereby the base model becomes coated in condensed carbon vapour originating from
the subliming graphite model. This coating was found to produce a bright particle shower during
testing which would likely interfere with any measurements. Despite these limitations, however, it
was successfully shown that it is possible to incorporate a heated graphite strip within a slotted base
model for providing additional flow structure. It is suggested that future investigators consider apply-
ing this technique to other geometries, particularly axisymmetric bodies as these are most applicable
to reentry capsules.
The slotted cylinder experiments were conducted in both air and nitrogen flows to further in-
vestigate the coupling effect of surface CO production on the levels of CN emissions via gas phase
reactions, as suggested by the previous comparisons with numerical simulations. Based on the rela-
tive levels of CN emissions between the two test conditions, it was found that although interactions
involving CO appeared to be responsible for a non-negligible portion of CN production in air, the
majority was in fact due to direct surface nitridation. In terms of overall trends, the nitrogen experi-
ments showed continually increasing CN emissions with surface temperature. For air, however, they
reduced with temperature above 2500 K which was consistent with the previous experiments in Chap-
ters 3 and 5 upon re-examination. The combination of these observations suggests that the oxidation
rate is decreasing with temperature above 2500 K. The phenomenon of oxidation slowing at high
temperatures is well-known, and was discussed in Chapter 2; however, it is the first such observation
for an ablating body with the additional influence of a full realistic hypervelocity shock layer. Im-
proved magnification in the high speed video recordings for these experiments also allowed spallation
to be observed in much greater detail than in previous work. It was clearly seen that spallation can
significantly alter the flowfield, and is a phenomenon which must be given greater consideration in
future studies.
For the slotted cylinder experiments in Chapter 6, it was seen that the shock layer and free-
stream CN levels were much more consistent than in Chapters 3 and 5. One explanation may have
been that these experiments used bottled instrument air as a fill gas for the air test condition, as it
contains minimal trace species such as CO2. This was to remove the possibility of free-stream carbon
contamination from this source. However, there was one experiment which was conducted using
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ambient air from the laboratory and it was found that there was no significant difference, so it is
unlikely that this was the source of contamination in previous experiments. Based on all available
evidence, it appears the most likely explanation for “contamination” in the previous experiments is
that CN emissions from near the surface and also further downstream were spatially smeared due to
the optical system’s relatively small DOF, such that they appear to originate from upstream. This is
supported by the analysis in Chapter 5 which showed a high correlation between near-surface CN
emissions and those in the inviscid shock layer and free-stream. It is thought that similar results were
not seen for the slotted cylinder experiments because of the model’s smaller diameter and the optical
system’s improved DOF.
The work presented in this thesis has been successful in further developing the electrical pre-
heating method for impulse facility testing, and has also produced many insights into carbon surface
thermochemistry. Critically, it has been clearly demonstrated that there is a severe lack of understand-
ing regarding carbon ablation at very high temperatures, as none of the considered surface chemistry
models were able to reproduce the experimental trends. Much work remains to be completed before
the complex problem of carbon ablation is fully understood; however, it is hoped that this work can
provide a solid foundation for future investigations to follow.
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Appendix A
Modifications to Reproduced Publications
A.1 Chapter 3: Expansion Tunnel Experiments of Earth Reentry
Flow with Surface Ablation
Changes made for formatting consistency with main thesis document:
• General formatting such as fonts, font sizes, and changing to single column.
• Chapter number added to table, figure, and equation numbering.
• Instances of “Fig.” and “Eq.” have been changed to “Figure” and “Equation”.
• Nomenclature from journal paper has been merged with that of the main document.
• References to surface carbon atoms “C(s)” has been changed to “C(b)” for consistency with the
rest of the main document.
• The symbol for reaction efficiency “α” has been changed to “γ” for consistency with the rest of
the main document.
• References have been merged into the bibliography of the main document.
• References to “X-2” have been changed to “X2”.
• Instances of “shock-layer” have been changed to “shock layer”.
• Surface reactions have been rewritten to be consistent with the conventions set in Chapter 2.
Minor corrections to as-published content during inclusion into thesis:
• The X2 schematic in Figure 3.2 has been changed to one which graphically shows the nozzle.
• Shot identification numbers have been added to Table 3.3.
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160 A.2 - Chapter 5: Carbon Ablative Shock Layer Radiation with High Surface Temperatures
Minor changes to as-published content in response to thesis reviewer comments:
• The sentence “To-date, it does not appear that any direct measurements have ever been made of
these quantities” has been changed to “Work along these lines has been conducted by Martin
et al. [86], who successfully measured the velocity distribution of spalled particles in an arc jet
test by processing short exposure images. ”
A.2 Chapter 5: Carbon Ablative Shock Layer Radiation with
High Surface Temperatures
Changes made for formatting consistency with main thesis document:
• General formatting such as fonts, font sizes, and changing to single column.
• Chapter number added to table, figure, and equation numbering.
• Instances of “Fig.” and “Eq.” have been changed to “Figure” and “Equation”.
• Nomenclature from journal paper has been merged with that of the main document.
• References have been merged into the bibliography of the main document.
• Instances of “shock-layer” have been changed to “shock layer”.
Minor changes to as-published content in response to thesis reviewer comments:
• The sentence “The Park model reaction set contains irreversible oxidation of both atomic and
molecular oxygen, irreversible nitridation of atomic nitrogen, and C3 sublimation.” has been
changed to “The Park model reaction set contains irreversible carbon oxidation by atomic and
molecular oxygen, irreversible nitridation of carbon by atomic nitrogen, and C3 sublimation.”
as this is a more precise statement.
Appendix B
Condition Characterisation
For the tests described in Chapter 6 it was decided that an experimental effort to characterise the test
conditions was required. The reasons for this were:
• A new N2 condition was being used for which no previous pitot rake data existed.
• The model was positioned 30 mm downstream of the nozzle exit, and data for this specific
location was needed particularly with regard to the core flow size.
• Although the air condition was previously characterised, it had been several years since this
was conducted and there may have been changes to facility performance over time.
• Bottled “instrument air” was used instead of laboratory air which may slightly alter the flow.
• The procedures for characterising X2 conditions have been further developed in recent years.
The process used for characterising the test conditions involved a combination of experiments
and facility modelling using UQ’s in-house shock tunnel simulation code, PITOT [103, 107]. The
experiments are used to validate and fine-tune the modelling, which then allows estimation of the
free-stream properties. Full details of the procedure are described by James et al. [107], so only a
summary is provided here.
B.1 Pitot Rake Experiments
The test section was probed by an instrumented pitot rake, shown in Figure B.1, which was positioned
30 mm downstream of the nozzle exit. The model consists of nine separate 15° conical glancing
impact probes, each instrumented with a 112A22 50 psi pressure transducer from PCB Piezotronics.
These are spaced at 17.5 mm intervals, with the central probe axially aligned with the centreline of
the nozzle. The “conehead” geometry is used instead of a traditional pitot probe to minimise damage
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Figure B.1 Pitot rake within X2 test section.
by diaphragm fragment impacts in the post-test flow, although it does introduce a Mach number
dependence to the measured pressure.
Experiments were conducted for the air and nitrogen test conditions with fill pressures as
described in Table 6.1. Example test-section pressure traces are shown in Figure B.2 with each probe
labelled as “pt1” through to “pt9”. After the initial flow arrival and stabilisation there is a period
of relatively constant pressure for around 150 µs for the air condition and 200 µs for the nitrogen
condition. The test flow is terminated by the arrival of the driver gas which is indicated by a pressure
rise. It can be seen that all nine probes reach the same steady pressure; however, the rise times for pt1
and pt9 are longer than the others for both conditions. This is particularly evident in Figure B.2(b).
Therefore, the core flow is considered to be from pt2 to pt8 which corresponds to a diameter of
105 mm.
There were a total of six pitot rake experiments conducted for the air condition, and four for
the nitrogen condition. For each of these the separate conehead pressures were averaged within the
steady test time, and then the results from pt2 to pt8 were averaged to provide a single conehead
pressure for each test. The results of the experiments were combined to provide an average conehead
pressure and a 95%CI uncertainty based on the variation, with values as shown in Table 6.1.
In addition to the test-section pressures, measurements were taken using wall-mounted PCB
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Figure B.2 Example conehead pressure traces.
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transducers at known locations along the facility. These provided post-shock pressure measurements
as well as the primary and secondary shocks speeds with time-of-flight calculations. Relevant mea-
surements from the separate experiments were averaged in a similar manner to the conehead pressures,
and are also shown in Table 6.1.
B.2 Property Calculations
Facility modelling was performed with the PITOT code, which uses isentropic and compressible flow
relations to estimate flow conditions. Equilibrium thermochemistry was assumed, with the properties
evaluated using NASA’s CEA [64, 108] code.
The test gas is initially processed by the primary shock using normal shock relations, with
the speed as measured in the experiments. In previous characterisation work (e.g. Zander [26] or
Sheikh [79]) the test gas is then allowed to undergo an unsteady expansion until it reaches the mea-
sured secondary shock speed. In this work, it was found that doing so resulted in the post-expansion
pressure (p7 in Figure 3.2) being under-predicted when compared to the experiments. In order to
correct for this a reflected shock was added at the secondary diaphragm, with the Mach number var-
ied until the post-expansion pressure matched. This Mach number was found to be 3.13 for air and
2.84 for nitrogen. The use of a reflected shock here was justified by the observation of secondary di-
aphragm hold times on the order of tens of microseconds. Expansion of the test gas through the nozzle
is calculated using steady flow with area change relations. Boundary layer effects are accounted for
by varying the area ratio until the predicted free-stream matches the experimentally measured cone-
head pressures after processing by a conical shock, as solved using the Taylor-Maccoll relations. The
effective area ratio was found to be 4.90 for air and 5.70 for nitrogen.
The uncertainty estimation was conducted in PITOT by employing a bootstrapping approach.
Gaussian distributions were specified for the shock and acceleration tube fill pressures, the primary
and secondary shock speeds, the acceleration tube post-shock pressure, and the cone-head pressure.
With the reflected shock Mach number and nozzle area ratio fixed to the nominal values, PITOT
was run 1000 times for each condition with the input variables randomly sampled. The resulting
variation in the output free-stream property predictions was used to estimate the uncertainties provided
in Table 6.2.
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C.1 X2-SLC-ASSEMBLY1: Outer View of Assembly
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C.2 X2-SLC-ASSEMBLY2: Exploded View of Inner Assembly
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C.3 X2-SLC-ADAPTOR: Pipe to Base Block Adaptor Piece
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C.4 X2-SLC-BASEBLOCK: Electrode Base Block
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C.6 X2-SLC-SLCYLINDER: Slotted Cylinder Model
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C.8 X2-SLC-GRMODEL: Graphite Strip Model
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C.9 X2-SLC-INNERELECTRODE: Inner Copper Clamp
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C.10 X2-SLC-OUTERELECTRODE: Outer Copper Clamp
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C.11 X2-SLC-PIPE: Shielding Pipe
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C.12 X2-SLC-SECBLOCK: Axial Securing Block
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C.13 X2-SLC-SLEEVE: Pipe Insulation Sleeve
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C.14 X2-SLC-UNTHCLAMP: Upper Pipe Clamp Piece
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C.15 X2-SLC-THCLAMP: Lower Pipe Clamp Piece
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C.16 X2-SLC-SIDEALIGNTOOL: Fine Alignment Tool
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C.17 X2-SLC-KEY: Alignment Piece Key
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